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Reaction of NH2 with NO and 0 2

R. K. M. Jayanty, R. Simonaitis, and Julian Heicklen*

D epartm ent o f  Chem istry and  Ionosphere R esearch Laboratory, The Pennsylvania S ta te  University, University Park, Pennsylvania 16802  

(R eceived August 18, 1975)

NH3 was photolyzed with 213.9-nm light at 25 °C in the presence of NO or O2. With NO present the prod
ucts measured were N 2, H2, and N 2O, and for [NH3] = 5.6-7.2 Torr, their respective quantum yields were
1.05 ± 0.05, 0.33 ± 0.03, and 0.09 ± 0.02. A t [NH3] = 11 Torr pressure, the yields are somewhat smaller. 
The mechanism of reaction is: NH3 + h v  —*■ NH 2 + H; NH2 + NO —1► N 2 + H2O (2); H + NO + M —* HNO 
+ M (3); H + HNO —  H2 + NO (4); 2HNO —  N 20  + H20  (5); with k 3k 51/2/ k 4 = (1.6 ± 0.6) X 10“ 28 cm9' 2 

s- i /2 With O2 present, N 2 and N2O were produced with quantum yields of 4>|N2| = 0.23 ± 0.02 indepen
dent of O2 pressure, and 4>!N20) = 0.06 ± 0 .0 1  for [O2] < 2  Torr and 0.09 ± 0 .0 1  for [O2] > 2 0  Torr. The 
quantum yield of NH3 removal was 0.49 ± 0.03. The oxidation of the NH2 radical proceeds mainly, if not 
exclusively (>98%), by addition: NH2 + 0 2 + M —►  NH2O2 + M (lc). The products observed are then ex
plained in terms of the sequence of reactions: 2 NH2O2 -*• 2 NH2O + O2 (13); NH2O2 + NH2O —*■ N2O + 
2H20  (14); 2NH20  —  N 2 + 2H20  (15); NH20 2 + H 0 2 —  NH 3 + 202 (16).

Introduction

Ammonia is an important atmospheric constituent; 
therefore our understanding of the oxidation processes of 
this gas is very important. To date few studies of the room 
temperature photooxidation of NH3 have been carried out 
and there is very little known about the elementary reac
tions involved. The available literature up to 1971 has been 
recently reviewed. 1 We know of no additional oxidation 
studies of this system since that time, except for a study of 
the O3-N H 3 system .2

The major products of the room temperature photoox
idation which have been reported are N2, H20 , H2 and 
NH4NO3.1 Gesser3 suggested that the N 2 is produced via

NH2 + 0 2 —  NO + H20  (la)

followed by

NH2 + NO —  N 2 + H20  (2)

Two paths have been suggested for the room tempera
ture reaction of NH2 with 0 2:1 reaction la  and

NH2 + 0 2 —  HNO + OH (lb)

However, there is little compelling evidence for these reac
tions at room temperature. Dalby4 has reported that the 
flash photolysis of NH3-O 2 mixtures does not give rise to

the HNO spectrum. The addition reaction

NH2 + 0 2 + M —  NH 20 2 + M (lc)

is also possible and must be considered in any analysis of 
the NH3-O 2 system. As far as we know no absolute mea
surements of rate coefficients for NH2 + 0 2 have been re
ported, but it has been suggested that reaction 1  is slow 
compared to reaction 2 if the N 2 production in the photoly
sis of NH3- 0 2 system can be explained by reaction la  fol
lowed by reaction 2 .3

The reaction between NH2 and NO has been studied 
more extensively. Bamford5 found N 2 as a major product in 
the photolysis of NH3-NO mixtures and suggested reaction 
2 as the exclusive reaction between NH2 and NO. Later 
Serewicz and Noyes6 and Srinivasan7 also photolyzed 
NH 3-N O  mixtures and confirmed the above reaction. More 
recently absolute rate coefficients for reaction 2  have been 
determined to be 2.7 X 10- 1 1  cm3 s_ 1 by pulse radiolysis of 
NH 3-N O  mixtures,8 0.8 X 10- 1 1  cm3 s- 1  by flash photolysis 
of NH3-N O  mixtures in a discharge flow reactor,9 and 2.1 
X 10_u cm3 s_ 1 by the laser fluorescence technique. 10

In this paper we report on our study of the photooxida
tion of NH3 at room temperature and the photolysis of 
NH 3-NO mixtures. The primary objective was to deter
mine the reaction paths of NH2 with 0 2.
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Experimental Section
A conventional high vacuum line utilizing Teflon stop

cocks with Viton 0  rings was used. Pressures were mea
sured with a dibutylphthalate manometer and a Wallace 
and Tiernan gauge. The reaction vessel was a cylindrical 
quartz cell 10 cm long and 5 cm in diameter.

The N2O, 0 2, NO, and NH3 were Matheson CP grade. 
The N20  was degassed at —196 °C and distilled in vacuo 
from a dry ice-acetone bath. The NH3 was degassed at liq
uid nitrogen temperature and purified by distillation from 
—96 to —130 °C. O2 was purified by passage over traps at 
— 186 °C. The NO was degassed at —196 °C and distilled in 
vacuo from —186 °C.

Irradiation was from a Phillips Zn resonance lamp TYP 
93106E. The effective radiation was at 213.9 nm. After irra
diation the gases noncondensable at —196 °C were expand
ed into a calibrated volume and analyzed for N2 by gas 
chromatography using a 10 ft. long, 0.25 in. o.d. copper col
umn packed with 5 A molecular sieves. The condensables 
were then analyzed for N20  using a 24 ft. long, 0.25 in. o.d. 
copper column packed with Porapak Q. These columns 
were operated at room temperature. The carrier gas in all 
cases was helium. There was always some N2 (<5%) and 
N2O (< 10%) found in the dark runs and therefore these 
corrections were applied to all the experimental results.

NO production ip the NH3- 0 2 system was determined 
using a chemilumiscent detector described earlier.11 The 
lower limit of the detector sensitivity was about 10 ppb, but 
the system always gave a background signal corresponding 
to about 150 ppb of NO at atmospheric pressure. Therefore 
concentrations of NO could be measured only above 150 
ppb. Ammonia removal rates were determined by uv and/ 
or infrared absorption measurements using a Cary 14 and a 
Perkin-Elmer 521 spectrometer, respectively.

N 02 analyses were done by visible absorption spectros
copy. The limit of detection was 15 mTorr.

Actinometry was done by photolysis of an optically 
equivalent amount of N20. The quantum yield of N2, 
4>[N2|, for this system is known to be 1.4112 at 213.9 nm. 
The relative absorption coefficient for N20  and NH3 was 
determined for the 213.9-nm Zn resonance line using a 
wheatstone bridge arrangement to cancel the other unab
sorbed wavelengths from the lamp. It was found that 
(|NH3|A!N20| = 50 ±  5.

Results
Photolysis of NH3 in the Presence of 0 2. The photolysis 

of NH3 in the presence of 0 2 (>0.6 Torr) at 213.9 nm and 
25 °C leads to the production of N2 and N20. Attempts to 
measure H2, NO, and N 02 production were also made in 
the presence of 0 2 (>1 Torr), but none of these gases were 
found. Their quantum yields were <0.01. At very low [02] 
(0.16 Torr) H2 production was observed. The NO concen
tration after 30-min photolysis was <0.15 mTorr indepen
dent of the 0 2 pressure from 1 to 45 Torr. Thus if NO is in 
the steady state the upper limit to [NO]ss is 0.15 mTorr up 
to [02] = 45 Torr. The experimental results for the NH3-O 2 
system are given in Table I. From Table I it is apparent 
that the results are nearly independent of variation of con
ditions. There is no dependence on the time of irradiation 
or on the absorbed light intensity, Ia. In spite of large vari
ation in'[NH3] (factor of 11) and [02] (factor of nearly 800) 
4>|N2| is nearly constant. The average value of $jN2j is 0.23 
±  0.02. Similarly, 4>|N20) is independent of [NH3] variation 
(factor of 4) and nearly independent of changes in [02]

TABLE I: Photolysis of NH3—0 2 Mixtures at 213.9 
nm and 25 °C

1 b 1a >
[O ,],«
Torr

mTorr/
min

Irradiation 
time, min 4>|NJ 4>iN20| —4>|NH.

[NH J“ = 1.6 ± 0.3 Torr
0.62 8.30 30 0.25
1.05 9.29 30 0.23
1.09 8.27 30 0.23
1.45 8.40 40 0.26
1.55 8.40 30 0.05
1.56 8.04 60 0.05 "

22.20 8.14 40 0.11
35.70 8.24 50 0.27 •

[NHJ = 7.1 ± 0.4 Torr
25.0 30 0.093^

1.17 24.6 60 0.07 0.54
1.30d 25.3 30 0.20 *
1.36 25.7 10 0.21 *' *
1.36 23.1 120 0.24 0.50
1.36 25.3 30 0.20
1.40 25.5 25 0.06
1.44 23.9 90 0.07
1.44 25.7 10 0.05
1.56 24.8 60 0.20 0.43
1.63 25.4 20 0.19
1.63 25.0 40 0.26
1.70 25.3 30 0.20 0.50
2.10 24.3 30 0.06
6.92 25.5 10 0.08

32.0 25.7 10 0.09
33.2 23.7 90 0.11 0.54
47.0 25.7 30 0.26
65.0 24.1 40 0.08
80.0 24.6 30 0.11

108.0 24.3 30 0.08
124.0 25.3 30 0.06
126.0 25.3 30 0.26

[NHJ = 15.5 i: 0.1 Torr
0.16 51.6 10.0 0.23
1.17 51.6 10.0 0.23

a Initial pressure. 6 /a is corrected for NH3 consumed by 
using the average concentration of the NH3 during the 
course of the experiment. c H2 also produced, <i>[H2 ] =
0.23. d 285 Torr of helium also present.

(factor of 100). The average value of 4>|N20| at low [O2] (<2 
Torr) is 0.06 ±  0.01, and 0.09 ±  0.01 at high [02] (>20 
Torr). Thus there may be a slight increase in 4>jN20| with 
increasing [0 2].

In a few experiments the ammonia loss quantum yield 
was also determined. The last column in Table I gives 
—4>|NH3|. The average value of —4>|NH3| = 0.49 ±  0.03 in
dependent of the O2 pressure. The sum 24>|N2j + 24>|N20) 
is 0.59 ± 0.04. This is very nearly equal to — <i>|NH3j indicat
ing that no other major products containing nitrogen could 
have been produced.

Several experiments were done in the absence of 0 2. The 
products measured were N2 and H2. The results for one ex
periment are also given in Table I. It is apparent that in the 
absence of 0 2, <f>|N2j, is significantly lower than in the pres
ence of 0 2.

Two experiments were done with 1.6 Torr of 0 2 and 6.9 
Torr of NH3 in the presence of either 46 or 100 Torr of CO 
with / a = 25 mTorr/min. The quantum yield of C02 was 
measured and found to be 0.08 and 0.1 1 , respectively, for 
the two runs.

Photolysis of NH3 in the Presence of NO and N O-02 
Mixtures. In the photolysis of NO-NH3 and NO-O2-N H 3

The Journal of Physical Chemistry, Vol. 80, No. 5, 1976
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TABLE II: Photolysis of NH3—NO Mixtures at 213.9 nm and 25 °C
[NH3],

Torr
[NO],
Torr

[O J,
Torr

fa,
mTorr/min

Irradiation 
time, min $  Nj 1 <T*i H2 i <b|N2OI

10 ™ k 3k s ' ' V k , .
cm9' 2 s“1 n

5.64 1.59 20 30.0 1.00 0.08 1.0
6.90 1.63 0.07 25 10.0 1.10 0.31
7.00 1.50 0.11 25 20.0 1.03 0.28
7.00 1.60 25 15.0 1.04 0.36 0.11 1.5
7.20 1.79 25 31.0 0.09 0.92
7.20 1.40 26 5.0 1.08 0.35 2.1

11.8 1.59 42 5.0 0.87 0.22
11.9“ 1.44 43 5.0 0.69
13.3 1.63 47 6.0 0.76 0.23 2.5
a 285 Torr of helium also present.

mixtures the products identified were N2, H2, and N2O. We 
did not look for any other products. In this system 
-i'lNHs) was not determined. The results are presented in 
Table II. In the absence of O2 the NH3 pressure was varied 
from 5.64 to 13.3 Torr, but the NO pressure was constant at
1.6 ± 0.2 Torr. 4>|N2) = 1.0 ±  0.1 at [NH3] ~  7 Torr, but is 
below one at higher total pressures. <i>|H2j also decreases as 
the total pressure increases. The effect of total pressure on 
TjNjO) was not determined.

Two experiments were done in which a small amount 
(0.11 and 0.066 Torr) of O2 was added to the NH3-NO mix
tures. The results show that 4>|N2j was not affected by 
these small quantities of O2. <t>{H2} may have decreased 
slightly, but this decrease is probably within experimental 
error.

Discussion
Photolysis of NH3-NO and NH3-NO-O2 Mixtures. 

Mixtures of NH3-NO and NH3-N O -O 2 were photolyzed in 
order to determine the quantum efficiency of NH3 photoly
sis at 213.9 nm. The reaction scheme in the absence of O2 is 
the following:6

NH3 + hv (213.9 nm) —* NH2 + H rate = </>/a

NH2 + NO *■ N2 ±  H20 (2)

H ± NO ± M — HNO + M (3)

H + HNO — H2 + NO (4)

2HNO N20  + H20 (5)

from the recommended values for the individual rate coef
ficients.13 In the latter computation the relative efficiencies 
of H2:NH3 = 0.5 was estimated for reaction 3, and the 
upper limit of 1 X  10~12 cm3 s_1 for fe4 was used. A lower 
value of k\, or a greater value for the efficiency of NH3 in 
promoting reaction 3, would mate the disagreement worse. 
Therefore it is likely that eitĥ jgpinfe recommended value for 
/?513 is significantly too high of the value for h4 is > 10-12 
cm3 s-1.

Two experiments were done in the presence of a small 
amount of O2 (~1Q0 mTorr) to see if oxygen might be an 
efficient deactivator of an excited state of NH3, since in the 
NH3-O 2 mixtures (see Table I and discussion below) 
—4>|NH3| or 24>jN2| ~  0.5 even at very low O2 pressures. The
[0 2]/[NO] ratio was adjusted such that the reaction of O2 
with NH2, H, and HNO would be minimal. The results in 
Table II show that 113 mTorr of O2 had no effect on 4>jN2j 
or on 4>{H2!- Thus it appears that 113 mTorr of O2 does not 
deactivate electronically excited NH3.

Photolysis of NH3-O 2 Mixtures. The number of possible 
reactions for this system is large. However, the invariance 
of 4>jN2) and $|N20) with reaction conditions presented in 
Table I imposes a great number of constraints reducing the 
number of possible reactions significantly. The primary act 
in the photolysis is

NH3 + hv (213.9 nm) —► NH2 + H rate = <t>Ia
The H atoms produced in the primary process can only 
react with O2, since the results are independent of the O2 
pressure.

4>|N2| = <p, since NH2 radicals can react only with NO. 
Table II shows 4>|N2j = 1.0 ± 0 .1  for the experiments at 
[NH3] ~  7 Torr. At higher [NH3], and for the run in which 
285 Torr of He is present, <f>{N2[ is somewhat below one in
dicating that at higher pressures some deactivation of ex
cited NH3 may be occurring. At low pressures where any 
deactivation of excited NH3 is not important <j> = 1, and the 
mechanism leads to the relations:

(<h|H2(_1 -  Di-jNaOpJa1/2 = [NO][M] (a)
K 4

and

4>[N2| = 24>jN20( ±  24>jH2( (b)

From the measured values of 4>jN2i, $ ^ 2), or/and 4>jN20j 
the ratio 1/2/fe4 may be computed. The results are given 
in Table II. The average value is (1.6 ±  0.6) X  10-28 cm972 
s_1/2, if we assume equal efficiencies for NO and NH3 in re
action 3. This value can be compared to (6.7 ±  0.5) X  10~28 
cm9/2 s_1/2 obtained by Serewicz and Noyes at 31 °C by a 
similar technique6 and to 7.2 X  10-27 cm972 s~172 computed

H + O2 ±  M —*■ H 02 + M (6)

Any OH radicals in this system can only react with NH3.

OH ±  NH3 — H20  ±  NH2 (7)

There are three possible reactions between NH2 and 0 2:

NH2 ± 0 2 — NO + H20  (la)

NH2 + 0 2 -*  HNO + OH (lb)

NH2 + 0 2 ±  M — NH20 2 + M (lc)

In order to decide the relative importance of the above 
three reactions it is convenient to first assume that reaction 
lc is not important and that the products, i.e., N2 and N20, 
arise from reactions la and lb.

According to this mechanism the HNO produced in reac
tion lb will react via14

HNO + 0 2 — H02 + NO (8)
or

2HNO — NoO + H20  (5)
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leading to N20 . The N2 is produced from

NH2 + NO — N2 + H20  (2)

where the NO is produced by reactions la and 8. The H 02 
radical produced in reaction 6 will react with itself.

2H02 — H20 2 + 0 2 (9)

The reaction of H 02 with NO

H02 + NO — N 0 2 + OH (10)

is not important compared to reaction 9, since N 0 2 is not 
an important product. This is confirmed by calculation 
with the known rate coefficients for reactions 9 and 10. A 
reaction of H 02 with HNO is unknown, but even if it oc
curs to some extern this is not important to the present 
argument.

The mechanism outlined above predicts that <£|N20( 
should be independent of [0 2] at low 0 2 pressures (<2 
Torr),14 but decrease as [0 2]2 at high [02], The measured 
4>{N20) is nearly independent of [02] (it may increase 
slightly as the 0 2 increases) over a range of 1-120 Torr. 
Thus reaction lb  cannot be the source of N20 , and it must 
all originate from NH20 2 produced in reaction lc. Not only 
is reaction lb  not the principal source of N20  production, 
but it cannot be an important process at all for three rea
sons: (1) Dalby4 could not find HNO as a product of the re
action; (2) we find that no NO or N 02 are formed (4> < 
0.01); and (3) the experiments with added CO indicated 
that HO is not a major species since it would react with CO 
to give C 0 2

HO + CO — H + C02 (11)

Since $ 1002! = 0.09 ±  0.02, this gives the upper limit (C02 
could be produced from other reactions) to the efficiency of 
the reaction channel lb  (assuming <j> = 1.0). The source of 
N2 may still be reaction la followed by reaction 2, as the 
mechanism predicts that <1>|N2) is independent of condi
tions if reaction lb is minor. However, as the following 
argument shows, reaction la cannot be important.

The above mechanism leads to the following equation for 
the steady state of NO (neglecting reaction lb):

NO]ss = k l a [ 0 2] / f e 2 (c)

Therefore since [NO]ss < 0.15 mTorr, kiJk2 < 3 X 10~6,
and since k2 ~  2 X 10_u  cm3 s- 1 ,8-10 k\& < 6 X 10-17 cm3 
s-1. Also NH2 could react with itself via15-16

2NH2 (+M) — N2H4 (+M) (12a)

2NH2 —* NH3 + NH (12b)

The relative importance of reactions 12 and 1 are

fi|12|/fl|l} = k12<t>IJkA2kla + fclc)[0 2]2 (d)

where RjX) is the rate of reaction X. If reaction 12 were 
important at low 0 2 pressures, <t>|N2| should have declined 
to <0.09 obtained for the photolysis of pure NH3 (see 
Table I). Furthermore <i>jN2C)) should have been reduced to 
nearly zero, since it is not produced in the pure NH3 sys
tem. However the data in Table I show that this is not the 
case and that reaction 12 is negligible even at 0.16 Torr of 
0 2 pressure. Since fe12 ~  5 X 10~12 cm3 s_1 at [NH3] = 5-10 
Torr,15 then ki >  4 X 10-15 cm3 s_1.

We conclude that reaction la followed by 2 cannot be the 
source of the N2, and that the N2 must be produced from 
the NH20 2 radical From the measured upper limit to

4>(NO) < 0.01, and since N2 is not produced from reaction 
la it may be concluded that (k\a +  feib)/&ic — 0.02. The re
actions we propose to account for the results subsequent to 
the formation of NH20 2 by reaction lc  are the following:

2NH20 2 — 2NH20  +  0 2 (1.3)
NH20 2 + NH20  — N20  + 2H20 (14)

2NH20  — N2 + 2H20 (15)

NH20 2 +  H 02 — NH3 +  20 2 (16)

The proposed mechanism consisting of the primary process 
and reactions 6, 9, and 13-16 predict that <Ï>{N2(, 4>{N20j, 
and —4>(NH3) are independent of variation in all reaction 
conditions, since reactions 9 and 13-16 are all radical-radi
cal reactions. Reaction 15 has been proposed before to ac
count for N2 formation in the NH3- 0 3 system.2 One way 
reaction 15 could proceed is as follows

V ^ N — 0- *= * H— N— O— H 
HX

H— N— O— HI I II I I
2H— N— 0 — H —  H— O—  N— H

N +  2H20

Similarly reaction 14 could proceed via

^ N —  0 — O- H— N— O— 0 — H
HX

H— N— 0 — H1 1 11 1 1
H— N— 0 — OH —  H— 0  N—  H —

\ /
0

N20  +  2H,0

An alternative possibility is that the free-radical site is on 
the nitrogen atom even when it is bonded to two H atoms.

H

H

\
/

N O

This can occur because O is more electronegative than N, 
and N has a lone pair of electrons which can be donated. 
Such a tautomerization occurs when the H is removed from 
HONO; even though the H -0  bond is broken, the free radi
cal site is on the nitrogen in N 02. Reaction 15 would then 
proceed by dimerization of H2N -*0  followed by ejection of 
H20. Reaction 14 would proceed in an analogous manner.

The second possibility is the one we favor as a general 
route in nitrogen-oxygen radicals because (C2H5)2NO 
reacts with NO in the presence of 0 2 to give N20  and 
CH3CH0 .17 Clearly the free-radical site in (C2H5)2NO is on 
the nitrogen atom, but it is difficult to believe that any 
isomerization could have occurred. Reaction 16 is intro
duced to account for the fact that —4>jNH3| = 0.49, since we 
have shown above that it is unlikely that the low NH3 re
moval quantum yield is due to deactivation of an excited 
state of NH3 by 0 2, but this possibility cannot be entirely 
ruled out from the present data.

We have shown that the reaction between NH2 and 0 2 at 
room temperature produces NH20 2 predominantly. The 
subsequent reactions leading to N2 and N20  are specula
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tive. However the reaction sequence 13-16 is consistent
with all of the data. Proofs of reactions 13-16 will have to
await the observation of NH202 and NH20 by direct
means.
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The chemical kinetics of ground state (5p5 2P3!2l and electronically excited (5p5 2P1I2) iodine atoms fol
lowing the flash photolysis of RI (R = H, CnH2n + 1, and Cn F2n +d has been monitored using time-resolved
attenuation of atomic resonance radiation. The deactivation efficiencies of I(2P l /2) by RI have been deter
mined and are discussed in terms of formation of a short-lived collision comp~ex. In addition, the role of
the photolytically generated R group in the chemistry of I(2PJ!2) and I(2P3/2) has also been investigated
and rates of a number of recombination and deactivation processes are estimated using modeling tech
niques. Of special significance to development of the iodine photochemical laser are the rate constants for
deactivation of I(2P l / 2) by alkyl radicals and hydrogen atoms.

Note that reaction ib could ac:ually increase the inversion

which is presumably accompanied by some internal excita
tion of the RI. Also, the followi:1g reactions involving R, 1*,
and I must be considered:

This parameter has recently been investigated in some de
tail. 9 The inversion can be depleted in a number of differ
ent processes. Most important is physical quenching of
I(52P 1/2) (hereafter, 1*) by the source gas to produce
ground state iodine atoms, I

1. Introduction

There have been numerous studi€s on the photochemis
try of alkyl iodides. 1- 6 The earliest of these were concerned
with the determination of the energy content and reactivity
of the dissociated alkyl radical which receives considerable
excess vibrational and translational energy in the initial
photolysis. 1,4,5 The electronic state of the corresponding io
dine atom remained a matter of conjecture until the iodine
photodissociation laser was reported.' The observation of
laser action following the photolysis of some of the simpler
alkyl iodides6,7 indicates that a substantial amount of elec
tronically excited iodine, I(52PI/2l, is formed in the photcr
dissociative process. As the iodine laser is currently being
considered as a candidate for laser fusion experiments due
to its potential for high output power,s interest has been re
newed in the role of radicals in the photochemistry of alkyl
iodides.

There are several important chemical and physical pro
cesses in the kinetics of the iodine photodissociation laser.
The extent of population inversion is related to the initial
photolytic branching ratio, 1>, where

1> = [H52P 1/2)]o/[I(52P3/2)]O

1* + RI -+ I + RI

1* + RI -+ 12 + R

R + R (+Ml -+ R2 (+M)

R + R (+ M) -+ other hydrocarbons

R + 1* -+ R + I

R + 1* (+M) -+ RI (+M)

R + I (+M) -+ RI (+M)

R + RI -+ R2 + I, 1*

(1)

(2)

(3a)

(3b)

(4)

(5)

(6)

(7a,b)

The Journal of Physical Chemistry, Vol. 80, No.5, 1976



438 T. Donohue and J. R. Wiesenfeld

following photolysis; indeed, this effect has been invoked to 
account for an apparent “ late-time gain” observed in some 
laser experiments. 1011 There are a number of other reac
tions possible, particularly if vibrationally and translation- 
ally “ hot” radicals are included, but they are not consid
ered, as a large excess of inert buffer gas was used in these 
experiments to ensure thermal equilibration of the radicals.

2. Experimental Section
The apparatus used in these experiments has been de

scribed previously.9’12 Briefly, alkyl iodides (at 1-50 p pres
sure) in 20 Torr of argon buffer gas were photolyzed by a 
100-J Kr flash with absorption occurring in the region 
240-280 nm. The resulting I and I* products were moni
tored using time-resolved absorption spectroscopy. Here, a 
microwave powered electrodeless discharge lamp, contain
ing a small amount of I2 in Ar, was used to produce an 
atomic iodine emission spectrum. Appropriate resonance 
transitions [178.3 nm (62P3/2 •*— 52Pg/2) and 206.2 nm 
(62P3/2 •*— 52P i/2)] were selected using a vacuum monochro
mator. Transient absorption signals were digitized and the 
signal-to-noise ratio enhanced by addition of successive 
runs in a signal averager. The volume of the photolysis ves
sel was swept out between flashes to prevent accumulation 
of photolysis products.

A modified form of Beer’s law was used to relate the ob
served absorption signal to the concentration of the atomic 
state being monitored, where

In (Io/h) = died (8)

and the symbols have their usual meaning. This relation
ship and the determination of 7  are discussed in detail else
where.913

3. Results and Discussion
A. Deactivation of I* by RI. The two processes that lead 

to an observed first-order decay of I* in the presence of RI 
are (1) physical quenching and (2) chemical reaction. Fig
ure 1 shows typical data at various concentrations of CH3I. 
The linear plots of In [I*] vs. t obtained under conditions 
where [RI] »  [I*] indicate negligible contribution from 
processes 4, 5, and 7b, which would not display overall 
first-order kinetics. However, the branched iodides (isopro
pyl, sec-butyl, and fert-butyl), along with HI, display a 
pronounced curvature in their In [I*] vs. time plots (Figure 
2), indicating the importance of other processes. Therefore, 
a modeling technique (discussed below) was necessary to 
estimate the deactivation rates given by (1 ) and (2) for 
these four compounds. Table I lists the deactivation rates 
determined here. While several perfluoro compounds were 
studied, their deactivation rates were too slow to be ob
served at the low RI pressures used in these experiments.14

The correlation between deactivation rates and alkyl 
group size is interesting. The rates increase with radical 
size, in an almost linear fashion, so that the collision num
ber (number of collisions required for deactivation) re
mains almost constant, except for HI, which gives a much 
lower collision efficiency. There does, however, appear to 
be a tendency for the collision efficiency to increase slightly 
as the alkyl group becomes larger. These effects can quali
tatively be explained in terms of a short-lived collision 
complex, I-RI1, where the extent to which this entity can 
be formed is determined by the magnitude of the attractive 
forces between RI and I.15~18 Alternatively, the larger num
ber of hydrogen atoms or multitude of vibrational modes in

TABLE I

Source

ft, + fta, 10~13 cm3 molecule ' s~'
Collision

no.
Selected 
lit. values This work

CHjI 2.6 ± 0.6« 5.7 ± 0.6 295
C2HsI 1.9 ± 0.2* 6.1 ± 0.3 305
n-C3H7I 2.0 ± 0.2 * 8.0 ± 0.7 270
j-C3H7I 2.0 ± 0.26 6.3 ± 1.9 335
n-C4H,I 2.9 ± 0.2* 9.3 ± 0.3 225
s-C4H,I 12.0 ± 2.4 185
i-C4H,I 2.9 ± 0.2* 11.1 ± 0.7 205
f-C4H,I 3.8 ± 1.3* > 5.2d < 430d
HI 1.5 t 0.4« 1.5 ± 0.2 1130
CD3I 0.046 ± 0.008« 0.18 ± 0.01 9250
« Reference 21. * R. J. Donovan, F. G. M. Hathorn, and

D. Husain, Trans. Faraday Soc., 64, 3192 (1968). c Refer- 
ence 30. d Only limits can be given here due to rapid de
composition of the source gas.

Figure 1. Deactivation of I* in the presence of increasing partial 
pressures of CH3I: pAr =  20 Torr; pcn3i =  1.4, 7.9, 21.2, 44.1 p (top 
to bottom). Traces are shifted by 1.0 In unit for clarity.

Figure 2. Deactivation of I* in the presence of 9.9 p of sec-butyl io
dide and 20 Torr of Ar. Dashed line represents calculated fit (shifted 
downward by 0.3 In unit for clarity) to the data, using rate constants 
given in Tables I and II. Initial concentrations used: [ l* ] 0 = 8.9 mg; 
[l]o =  78 uim; [R ]o =  [l*]o  +  [l]o =  87 mu.

the heavier radicals might also be invoked to account for 
the observed enhancement of deactivation by these mole
cules.
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The extent of chemical reaction 2 with respect to physi
cal quenching (1 ) in the deactivation of I* by alkyl iodides 
has been vigorously debated.3-19'20 The importance of these 
processes in laser kinetics is clear. While (1 ) produces a 
ground state iodine atom, (2) results in an iodine molecule 
which has a large cross section for quenching of I*, and a 
radical, which can further participate in reactions 3-7. Ex
periments performed by Meyer and others20 using CH3I in
dicate that the rate of process 2 could be quite large com
pared to that of (1). On the other hand, there is extensive 
evidence to indicate that deactivation is completely domi
nated by (1), at least for the normal, perhydro 
species.3-19-21-22 As has been previously suggested,21 one 
Would expect the reactive channel, '2), to have equal prob
ability for CH3I and CD3I. Since the measured deactivation 
rate is several- orders of magnitude smaller for CD3I,21 the 
dominant channel leading to deactivation of I* by CH3I 
must be quenching.

An upper bound for k 2/ { k \  + k 2) of 20% may be set for 
all of the normal, perhydro alkyl iodides examined here.23 
Unfortunately, a more detailed comparison between these 
compounds is precluded due to limitations imposed by the 
signal-to-noise ratio for the ground state line, as well as by 
limited accuracy of the numerical analysis. However, our 
results extend earlier work on CH3I to higher members in 
the homologous series and confirm that quenching of I* by 
RI proceeds with a much higher efficiency than reaction.

B. Kinetics of Processes Involving Free Radicals. While 
free radicals cannot be directly detected using the methods 
discussed here, their role may be deduced by observation of 
the temporal profiles of I* and I following photolysis. The 
coupled, nonlinear differential kinetic equations describing 
reactions 1-7 may be integrated numerically by the stan
dard Runge-Kutta method in order to obtain estimates of 
the kinetic parameters associated with processes 4-7. The 
relative importance of these processes following photolysis 
allows the iodides discussed here to be conveniently divid
ed into three groups: primary iodides, branched iodides, 
and HI.

Primary Iodides. The kinetics for removal of I* following 
the photolysis of primary iodides (Figure 1) are sensibly 
first order with respect to reactant concentrations. The re
moval of I is also a first-order process, since it is governed 
by diffusion through Ar to the walls, where heterogeneous 
recombination takes place.12 These facts imply that pro
cesses 4-7 are slow compared to (1) + (2), particularly if (3) 
is fast. The rate of the radical recombination step (3a) has 
been measured for CH3 by a variety of methods24 and has 
been found to be rapid, occurring in every 5-10 collisions. 
Reaction 3b is a disproportionation step, where R + R —*■ 
RH + R(—H); it is slow compared to (3a) for primary alkyls 
(&3b/^3a < 0.2).25 As the observed kinetic profiles would 
permit detection of a 2% nonlinearity in the I* decay rate, a 
limit of 55 X 10-12 cm3 molecule-1  s-1  can be set on k4 +

for the primary species. This parameter has recently 
been estimated22 (for R = CH3) by modeling of laser ampli
fier gain measurements to be 5.5 X 10“ 12 cm3 molecule-1 
s-1, in agreement with the limits suggested here.

Deviations from first order would be difficult to observe 
in the case of I atom decay, especially since processes 4, 6, 
and 7a could combine in such a fashion as to yield no per
ceivable effect. However, since processes 4 + 5 and 6 are 
less important for primary radicals (due to rapid radical- 
radical recombination) than the corresponding ones involv
ing branched radicals (see below), it would be expected

that the rates for reactions 4, 6, and 7a would be similarly 
unimportant.

Branched Iodides. In contrast to the primary com
pounds, the branched iodides all display curvature in both 
the plots of In [I*]/[I*]0 vs. t (Figure 2) and In [I]/[I]0 vs. t 
(Figure 3). As k\ + k2 is similar for all of the hydrogenic io
dides, this curvature suggests that the rates of processes 4 
+ 5 and 6 are much larger for the branched alkyls than for 
the primary isomers. Clearly, the enhanced contribution to 
I* and I removal by processes 4 + 5 and 6 must be due to 
higher concentrations of alkyl radicals at times on the 
order of the kinetic observations (ca. 5-10 ms). This is rea
sonable in view of the relatively slow recombination of the 
branched radicals with respect to the unbranched species26 
(Table II). By fixing the measured values of fe, and k3, as 
well as the known branching ratio of the initial photolysis 
(4> = 0.10), it is possible to obtain estimates of the rate con
stants for processes 4 + 5 and 6 as well as overall photolysis 
yields. Process 2 is deemed to be of negligible importance.
The value of 4> does not affect ife-s or k6 so long as $  «  1.
Ask 3 has not been reported fotf?C 4H9 it was estimated by f  
assuming that the photolysis yield of s-C4H9I was the aver
age of the yields of ¿-C3H7I and f-C4H9I. Examples of typi
cal fits to I* and I data are displayed in Figures 2 and 3, re
spectively, using values of the rate constants and photolysis 
yields given in Table II.

The deactivation of I* by the perhydrogenated alkyl rad
icals ¿-C3H7, s-C4H9, and t-C4H9 is seen to proceed with a 
rate constant of ca. 5 X 10-12 cm3 molecule-1 s-1. These 
rates are consistent both among themselves and with the 
suggested upper limit for I* + CH3 quenching derived 
above. In addition, they are in good agreement with the 
value of 5.5 X 10-12 cm3 molecule-1  s-1  obtained in laser 
gain measurements.22 It is interesting to note that the rate 
constants for radical deactivation of I* are 5-10 times larg
er than those for deactivation by the corresponding alkyl 
iodides, thus necessitating inclusion of processes 4 + 5 in 
any attempt to model iodine laser systems where the frac
tion of photolysis is greater than ca. 5%. The rate constant 
for deactivation of I* by the perfluorinated radicals27 lies 
around 2 X 10-12 cm3 molecule-1  s-1; the ratio (k4 + k5)/k\ 
is much larger for the perfluorinated than for the perhydro 
species.

To the best of our knowledge, no values of kg for perhy
drogenated radicals have previously been reported. In view 
of its large value, about 7 X 10-12 cm3 molecule-1 s-1, this 
recombination must be in the second-order pressure region.
The only other reported measurement of I + R is that for 
the perfluorinated radicals27 where k$ ~  3 X 10-11 cm3 
molecule-1  s-1. This process would only be expected to 
play a significant role for lasers or amplifiers operating 
near threshold, as the use of photolytic sources with 4> »  1 , 
would result in very low concentrations of I. However, la
sers based on the use of inefficient photolytic sources or 
electric discharge initiation28 might depend on significant 
depletion of I by (6) before laser threshold is achieved.

HI. HI displays curvature in its plots of In [I*]/[I*]o vs. t 
in a manner similar to those of the branched iodides (Fig
ure 2), but in this case, it is clear that this deviation is 
caused by process 4 and not 5 as the latter is not probable; 
the HI1 “ complex” could exist for tfnly about one vibration
al period, leaving little possibility for collisional stabiliza
tion. This argument also applies to processes 3 and 6. Mod
eling of I* decay data demonstrates that the quenching 
process 4 occurs with a surprisingly large probability, with
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TABLE II: Radical Reaction Rates and Photolysis Yields

k ,  1 0 -12 cm3 molecule ' s 1 Photolysis yield, 
%  per flashk . fe4 + fe5 k 6

i-CjH, 9^ 5 9 3.0
s-C„H, 2b 7 10 3.5
f-C4H, la 5 5 4.0

a Reference 26. b See text.

Figure 3. D ecay  of I in the p resence of 3 .3  p  o f sec-butyl iodide and  
2 0  Torr of Ar. Dashed line represents ca lculated fit (shifted down by 
0 .2  In unit) to th e  data, using rate  constants given in Tab le  II. Initial 
concentrations used: [ i * ]o =  3 .0  m p; [l]o  =  2 6  m p\ [R ]0 =  29  m il. 
T h e long-tim e decay ( f  >  10  m s) is due to diffusion by I to  the w alls  
(kditf =  4 5  s 1).

Figure 4. Initial rise o f I in the presence  of increasing partial pres
sures o f HI. pAr = 2 0  Torr; Ph2 = 9 0  p.\ pm = 1.0 , 2 .3 , 4 .2 , 16 .8  p  
(bottom  to top). D ata have been sm oothed by hand and traces  are  
not norm alized to one another. H2 (fcH2 =  1.2 X 10—14 c m 3 m ole
cu le - 1  s- 1 , fo r I*  +  H2 —► I +  H2) is used to  control the  rate  at 
which I*  —*■ I; th is feature can aid in data in terpretation.

a rate constant of ~5 X 10-11 cm3 molecule-1  s-1. All of the 
energy released in this quenching process (21.7 kcal mol-1) 
must go into translation; the hydrogen atom is produced 
extremely “ hot” following such a quenching collision, as it 
acquires over 99% of the available kinetic energy. Process 4 
has also been observed in the H atom quenching of 
Cl*(32Pi/2) atoms, which proceeds at an even faster rate,29 
~7 X 10-1° cm3 molecule-1  s-1, about the gas kinetic value.

Figure 4 demonstrates the rise in [I] for varying HI con
centrations. The rate of increase is clearly a function of 
[HI], and results from processes 4 and 7a. Modeling of the 
concentration profile of the I atoms, using the value deter
mined above for k4, yields a rate constant, k-,&, of 2.0 ±  1,0 
X 10-11 cm3 molecule-1  s-1. Cadman et al.,30 in calcula
tions on some earlier experimental data of Sullivan,31 ob
tained 3.3 X 10-11 cm3 molecule-1  s-1 . As had been sug
gested earlier,32 no evidence of reaction 7b could be found 
in our results.

4. Conclusions

Rate constants have been determined for a variety of 
processes involving alkyl iodides and related photofrag
ments. Deactivation rate constants for I* by RI measured 
here appear ~2-4 times faster than those reported earlier. 
No systematic cause for these discrepancies (i.e., impuri
ties, such as O2, in the samples used were found to be negli
gible) have been found. Alternatively, a systematic error in 
the determination of y for the transition (62P3/2 *- 52Pi/2) 
at 206.2 nm could result in &ch3i being as much as 1.75 
times too large if 7  were 1.0 instead of our measured value,
0.57. However, the rates for HI and H212 determined in the 
same apparatus agree, within error limits, with recent liter
ature values.30,32 Processes involving alkyl radicals have 
been found to be rapid, and of potential significance to 
practical laser systems. Of course, the estimates of the rate 
constants associated with these processes depend upon the 
absolute values of the radical-radical recombination rates, 
and so can be no more accurate than these parameters.26
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Chlorophyll-Poly(vinylpyridine) Complexes. V. Energy 
Transfer from Chlorophyll to Bacteriochlorophyll1
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The transfer of singlet excitation energy from chlorophyll a to bacteriochlorophyll on poly(4-vinylpyridine) 
in nitromethane solution has been measured by quenching and sensitization of fluorescence. The directly 
excited fluorescence of both chlorophyll a and bacteriochlorophyll is strongly quenched by transfer to 
weakly interacting, weakly fluorescent pairs of pigment molecules. The dominant quencher is apparently a 
bacteriochlorophyll-chlorophyll a pair. The fluorescence of bacteriochlorophyll is correlated with the pre
sumed density of quenching pairs, but the quenching of chlorophyll a fluorescence has also a component 
due to transfer to bacteriochlorophyll. The quenching of chlorophyll a fluorescence is described mathemat
ically by Forster’s equation for transfer from a donor to randomly distributed acceptors, provided that the 
effective critical transfer distance fío is proportional to the sixth root of the donor/acceptor ratio. In this 
way energy trapping can be described, when there is extensive transfer among randomly distributed donor 
molecules. The equations pertaining to the model system can be extrapolated to pigment systems typical of 
photosynthetic units, and maximum sizes of the units can be estimated, which depend on pairwise transfer 
parameters and attainable pigment concentrations. The estimated sizes approximate those of the pre
sumed natural ones.

Introduction

Chlorophyll or its derivatives bound to the randomly 
coiled macromolecule poly(4-vinylpyridine) in nitrometh
ane solution constitutes a three-dimensional aggregate of 
variable pigment density, useful as a model for studying 
energy transfer and trapping processes like those of the 
photosynthetic unit of green plants.2̂ 5 In a previous paper 
we demonstrated energy transfer in this system by depolar
ization of fluorescence, and have related the probability of 
it to the configurational properties of the polymer.3 The 
other “ classical” way of demonstrating energy transfer is 
by sensitization of the fluorescence of one kind of molecule 
through excitation of another.6 While depolarization of flu
orescence detects whether energy transfer occurs at all, 
sensitization of fluorescence detects only energy trans
ferred from donor to acceptor, and therefore can be studied 
at pigment concentrations at which many transfers among 
donor molecules occur. Sensitization of fluorescence is 
therefore an appropriate means by which to study energy 
transfer in dense pigment aggregates, including the pho
tosynthetic unit itself.

We have measured energy transfer from chlorophyll b to 
chlorophyll a, and from chlorophyll a to bacteriochloro
phyll, in mixed pigment aggregates on poly(4-vinylpyri- 
dine). Because of unexpected complications in the former

system, we confine ourselves here to the latter, more 
straightforward system.

The essential question to be examined is how multiple 
transfer among donor molecules (chi) affects the probabili
ty of transfer to acceptor (bchl), as a function of the ratio of 
acceptor to donor, = (bchl)/(chl), and of the pigment 
density in the polymeric aggregate, expressed as the ratio 
of bound chlorophyll a or bacteriochlorophyll to polymer 
pyridine units. It will be found possible to include the ef
fect of multiple transfer within the conceptual framework 
of energy trapping developed by Duysens7 and Forster.8

The pigments of the present system resemble those of 
the green sulfur bacteria, where transfer occurs from an an
tenna array of chlorobium chlorophyll to a core array and 
reaction center of bacteriochlorophyll.

Experimental Section

Materials. Chlorophyll a was extracted from spinach and 
purified chromatographically. Bacteriochlorophyll was ex
tracted from species of photosynthetic bacteria with ace
tone and chromatographed twice on sugar with toluene 
+0.5% 1-propanol eluent. The poly(4-vinylpyridine) used 
was a fraction of molecular weight 320 000 (fraction A3 of 
ref 3). The purification of nitromethane has been de
scribed.3
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Procedure. Portions of stock solutions of chlorophyll a 
and of bacteriochlorophyll in acetone and 0.005 ml of a- 
methylnaphthalene were evaporated nearly to dryness in 
the cuvette, and diluted with 3.5 ml of nitromethane. The 
a-methylnaphthalene helps keep chlorophyll in suspension 
when nitromethane is added.2 Portions of a stock solution 
of poly(4-vinylpyridine) were added, and the spectrum was 
recorded in the red and near-infrared band regions on a 
Cary Model 14 spectrophotometer. Operations were con
ducted under cover of N2.

Fluorescence was measured with the apparatus used for 
depolarization,3 with interference filters instead of polariz
ers to select fluorescence excitation and observation wave
lengths. The direct fluorescence of bacteriochlorophyll was 
excited at 760 nm and measured at 800 nm. Chlorophyll a 
was excited at 660 nm; its fluorescence was read at 680 nm, 
and the sensitized fluorescence of bacteriochlorophyll at 
800 nm. Drift in the intensity of the source lamp was fol
lowed by light scattered by a solution of colloidal silica 
(Ludox), and correction for it made.

The relative spectral sensitivity of the EMI 9558B pho
tomultiplier had been determined to 700 nm with rhoda- 
mine B and methylene blue quantum counters;3 the manu
facturer’s curve for sensitivity of the S-20 surface was used 
to extend the relative sensitivity to 800 nm.

The ratio of bacteriochlorophyll to chlorophyll a was de
termined from absorbances at the band peaks near 781 and 
666 nm, observed with large excess of polymer. Molar ab- 
sorptivities t  were 7.0 X 104 M-1 cm-1 for chlorophyll a 
(666 nm) and 9.0 X 104 M_1 cm-1 for bacteriochlorophyll 
(781 nm). The latter was calculated from Clayton’s values 
for ether and acetone-methanol solutions9 and the approx
imation tb = 1.35 X 107, where 5 is the difference (in A) be
tween the peak wavelength and the wavelength at which 
the absorbance is half the peak absorbance, on the long
wave side of the band.

Quantum Yields. As in the previous work, but without 
the complications o: polarization, quantum yields were cal
culated from observed fluorescence intensities by relations 
such as

061 o° = I & /iU ^ 6aoS6Soa(p)D(l -  R)( 1 + i?0®  (1 )

in which 0680 is the quantum yield of chlorophyll a fluores
cence excited by 660-nm radiation, / f6so is the observed flu
orescence intensity, normalized to a standard light source 
intensity by / 0, fi is an instrument constant which includes 
a refractive index correction, F6so is the fraction of chloro
phyll a fluorescence passed by the 680-nm interference fil
ter, S680 is the sensitivity of the photomultiplier in quan
tum units, a(p) is the fraction of incident light absorbed, 
expressed as a function of the optical density, p , at the 
chlorophyll band peak, D is a dissymmetry factor, R is the 
fraction of fluorescence reabsorbed, and the last parenthe
ses is a correction for secondary fluorescence.3

Rigorous application of the corrections for reabsorption 
and secondary fluorescence is impracticable because both 
chlorophyll and bacteriochlorophyll absorb and reemit 
light. Certain simplifications made the calculation tracta
ble by the procedures described in part II of this series.3 
The fluorescence of chlorophyll a in the presence of excess 
polymer, observed over a range of pigment concentration, 
with and without a 680-nm "interference filter, gave F680 
and curves for D(1 — R) as functions of p. Comparison with 
light scattered from Ludox gave the quantum yield of chlo
rophyll a fluorescence, 068® = 0.206, and the lumped con

stant n/oS680- The correction for secondary chlorophyll a 
fluorescence was neglected; its value was judged not to ex
ceed about 2% at most, and is difficult to estimate when 
bacteriochlorophyll is present.

The quantum yield, 08oo = 0.086, filter factor Fgoo, and 
reabsorption curve were determined similarly for bacter
iochlorophyll. As chlorophyll a does not reabsorb bacter
iochlorophyll fluorescence, its presence does not affect this 
calculation.

In the calculation of the yield of sensitized fluorescence, 
a(p) and D were taken from curves for chlorophyll a, and (T 
— R) from the reabsorption curve for bacteriochlorophyll.

Transfer of energy from chlorophyll a to bacterioehloro- 
phyll by reabsorption of fluorescence is by no means insig
nificant in these systems, but its value is limited by that of 
08oo as the ratio of polymer pyridine units to chlorophyll a, 
(py)/(chl), becomes very large. Also included in this limit is 
the yield of bacteriochlorophyll fluorescence directly excit
ed by absorption of 660-nm light. -

- i'
Results

Series of fluorescence yield measurements over increas
ing polymer concentrations were made with (chl)/(bchl)..ra-' 
tios of 14.1, 7.2, 3.0, 2.55, and 0.73. Binding of bacteriochlo
rophyll was indicated by the same sort of spectral changes 
that characterize binding of other chlorophyll derivatives.2 
In dense aggregates, the infrared band peak is displaced 
from its position in nitromethane solution (7760-7780 A) to 
a position in the range 7815-7830 A. In the presence of 
large excess of polymer the band peak moves into the range 
7811-7817 A and becomes narrower. The exact position of 
the peak is affected by the presence of traces of water or 
other polar impurities in the solvent.

Quantum yields measured in the system in which (chi)/ 
(bchl) = 7.2 are typical, and are plotted as functions of 
polymer concentration in Figure 1. It is evident that at low 
ratios of polymer to pigment, the fluorescence of both chlo
rophyll a and bacteriochlorophyll is substantially 
quenched. At (py)/(chl) = 30 and below, the fluorescence of 
chlorophyll a increases somewhat because of incomplete 
binding to the polymer. Quenching at low (py)/(chl) ratios 
is commonly observed in systems like these and has been 
attributed to transfer of singlet state excitation energy 
from bound monomeric pigment molecules, which are fluo
rescent, to weakly interacting pairs of pigment molecules, 
which act as quenching centers.2-5 Absorption spectral 
changes support this interpretation, and the energy of in
teraction has even been estimated, using an appropriate 
site model of the polymer chain.2

Although the self-excited fluorescence of both pigments 
is quenched at low (py)/(chl) ratios, that of bacteriochloro
phyll is restored before (i.e., at lower (py)/(chl) ratios) that 
of chlorophyll a. When measured in the absence of chloro
phyll a, the fluorescence of bacteriochlorophyll is restored 
to half maximal value at (py)/(bchl) = 180. In Figure 1, half 
maximal value is attained at (py)/(chl) = 68, which corre
sponds to (py)/(bchl) = 490. In the absence of bacteriochlo
rophyll, the fluorescence of chlorophyll a, 0g[$, was com
pletely restored at (py)/(chl) = .200, but in Figure 1, resto
ration is deferred until (py)/(chl) > 1000.

In contrast to these, the fluorescence of bacteriochloro
phyll, sensitized by chlorophyll a, rises to a maximum at 
(py)/(chl) = 100, then falls to a much lower value as (py)/ 
(chi) increases. The declining part of the curve for 4>kn is 
virtually a mirror image of the curve for 0{jgj. This is clear
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Figure 1. Quantum yields of directly excited fluorescence of bacter
iochlorophyll a id  chlorophyll a (4® ,  and of sensitized fluo
rescence of bacteriochlorophyll ($soo). as functions of (py)/(chl) fo r ' 
the series in which (chl)/(bchl) =  7!2.

Figure 2. Probabilities that excitation energy, absorbed by chloro
phyll a, remains on (monomeric) chlorophyll a (0 cW), is transferred 
to monomeric bacteriochlorophyll (<£bcM), or is captured by quench
ing centers (0trap), which are probably mostly (bchl-chl). From data 
of Figure 1, (chl)/(bchl) =  7.2.

evidence of transfer of light energy absorbed by chlorophyll 
a to bacteriochlorophyll.

Further insight into the fate of energy absorbed by chlo
rophyll a is obtained from a plot of the probabilities that 
the excitation energy remains on bound monomeric chloro
phyll a molecules (</>chi) or is transferred to monomeric bac
teriochlorophyll ($bchi), i-e., bacteriochlorophyll not in 
quenching centers: The former is the observed fluorescence 
quantum yield divided by its maximum value, $chi = 
068o/O.2O6 ; the latter is the sensitized fluorescence yield di
vided by the directly excited fluorescence yield, <£bchi = 
08oo/</>8oo- The latter assumes that the quantum yield of flu
orescence of bacteriochlorophyll, excited by transfer from 
chlorophyll, is the same as that of directly excited bacter
iochlorophyll. Singlet excitation energy not accounted for 
by 0 chi and </>bchi is considered to have be.en trapped in 
quenching centers: 0traP = 1 — 4>chi — <t>bchl- These quan
tities are plotted for the data of Figure 1 in Figure 2.

Plots such as Figure 2 for the several series show a steady 
decline in energy transferred to monomeric bacteriochloro
phyll when (py)/(chl) increases above 100, and a more 
rapid decline in energy transferred to traps. The two curves 
cross between (py)/(chi) = 600 and 900, usually closer to 
the latter. In all series a surprisingly large fraction of ener
gy must be alloted to 0trap-

When (py)/(chl) decreases below 70, the curve for $bchi 
does not always continue upward as it does in Figure 2, but 
as often levels off. Since 0bchi is the ratio of two small num
bers in this region, it is not clear what the trend of the 
curves should be, and we shall not be further concerned 
with data in this region.

Quenching of Bacteriochlorophyll Fluorescence. The 
curve for 0goo in Figure 1 shows that directly excited bac
teriochlorophyll fluorescence is partially quenched up to 
(py)/(chl) = 300. This corresponds to (py)/(bchl) = 2160. 
Fluorescence is also quenched in a system containing bac
teriochlorophyll only, but is fully restored at a (py)/(bchl) 
ratio of about 1000. If it is accepted that quenching in pure 
bacteriochlorophyll systems is due to interacting pairs of 
bacteriochlorophyll molecules, then the additional quench
ing when chlorophyll a is present, as in Figure 1, must be 
due to interacting bacteriochlorophyll and chlorophyll a 
molecules. If trapping by (bchl)2 pairs and by (bchl-chl) 
pairs is equally effective, and trapping by (chl)2 pairs is ex
cluded on energetic grounds, the fluorescence yield should 
be a function of the density of traps, which is then propor
tional to (bchl)2 + (bchl)(chl).

A plot of all data for 0goo against (py)2/(bchl)[(bchl) + 
(chi)] shows that these data are quite well correlated by the

800
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Figure 3. Correlation of bacteriochlorophyll fluorescence yield with 
density of quenching centers, estimated by (bchl)[(bchl) 4 - (chi)]/ 
(py)2. Curve through points for bacteriochlorophyll alone on poly- 
(vinylpyridine).

curve for the system of bacteriochlorophyll alone on poly
mer (Figure 3). Plots against other functions of pigment 
density show a distinctly wider divergence of the sets of 
points.

The presence of interacting pairs of pigment molecules 
in dense aggregates is marked by a displacement of absorp
tion bands to the red, and their dissociation on increasing 
the polymer/pigment ratio by a shift to the blue.2 The posi
tion of the red band peak of chlorophyll a, and of the in
frared band peak of bacteriochlorophyll, plotted in Figure 
4 for the case in which (chl)/(bchl) = 0.73, undergo a blue 
shift with midpoint near (py)/(chl) = 400. The directly ex
cited fluorescence of bacteriochlorophyll is restored in the 
same region, consistently with the dissolution of quenching 
dimers. The fluorescence of chlorophyll a is restored more 
slowly, because transfer to monomeric bacteriochlorophyll 
persists after the disappearance of quenching dimers. The 
shift of the chlorophyll a band occurs at larger (py)/(chl) 
ratios than it does in systems without bacteriochlorophyll, 
which further shows that the predominant quenching cen
ters are interacting chlorophyll a-bacteriochlorophyll pairs.

Quenching of Chlorophyll a Fluorescence. If bacterioch
lorophyll fluorescence is quenched by transfer to (bchl-chl) 
and (bchl)2 pairs, it is to be expected that chlorophyll a flu
orescence would be quenched primarily by transfer to 
(chl)2 and (bchl-chl) pairs, the concentration of (bchl)2 
being relatively low. In the absence of transfer to mono
meric bacteriochlorophyll, a plot of 4>chi against (py)2/ 
(chi)[(chi) + (bchl)] would correlate the data uniformly, as 
the plot of Figure 3 does for bacteriochlorophyll. What is
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Figure 4. Evidence for interaction of chlorophyll a and bacteriochlo- 
rophyll on poly(vinylpyridine): solid curves, left ordinate scales, posi
tions of peaks of chlorophyll a red band and of bacteriochlorophyll 
infrared band, for series with (chl)/(bchl) =  0.73; dashed curves, 
right ordinates, relative quantum yields of directly excited fluorés- 
cence of chlorophyll a (< /©  and bacteriochlorophyll (r/jsoo)-

observed in such a plot is that restoration of chlorophyll a 
fluorescence is retarded by an amount which is directly re
lated to the proportion of bacteriochlorophyll in the system 
(Figure 5). This plot displays the effect of transfer to mo
nomeric bacteriochlorophyll dissected from transfer to 
quenching centers.

Discussion

Interest in multiple transfer of energy in artificial sys
tems is inspired by efforts to account for the behavior of 
photosynthetic systems, in which trapping excitation ener
gy out of a large array of pigment molecules is an essential 
step in their function. Although the theory of pairwise 
transfer of energy according to Förster has been verified 
rigorously and in detail in recent years, extension to trans
fer in systems of many molecules encounters conceptual 
difficulties which have baffled attempts to estimate the 
probability of trapping energy out of an arbitrary array of 
molecules in a rigorous and satisfying way.10 Our use of a 
model system is an attempt to study this probability in a 
system in which pigment density can be varied in a way not 
possible in natural photosynthetic systems.

Duysens has discussed the problem of trapping probabil
ity in terms of an equation of the Stern-Volmer type, in 
which that probability is nT/( 1 + nT), where n is the num
ber of “ different” transfers per excited state lifetime, and 
T is the ratio of traps to antenna molecules.7 In our terms, 
n is proportional to the square of the chlorophyll a concen
tration, or equivalently to [(chl)/(py)]2, and T = (bchl)/ 
(chl) = ß. An equation for 4>chi may then be written in the 
form

0chl = 1/(1 + Ad[(chl)/(py)]2) =
1/(1 + K  (bchl) (chl)/(py)2) (2)

A plot of 0chi against (py)2/(chl)(bchl), (Figure 6) shows a 
uniform and satisfactory correlation with this variable. 
However, the recovery of fluorescence is slower than pre
dicted by the function of eq 2. The deviation is in the direc
tion expected if a statistical distribution of pigment arrays 
must be taken into account.

For energy transfer from a donor to acceptors Förster de
rived an equation which we may express as

•khi = 1 -  2qe92 f ° V * 2dx (3)
Jq

where q is the ratio of acceptor concentration to a “ critical 
concentration” defined by the rate of pairwise transfer 
from donor to acceptor.8 Derivation of the equation as
sumed a random distribution of acceptors about a donor, 
but also assumed no transfer between donor molecules. 
However, we shall adapt this equation to the case where 
transfer among donor molecules is prevalent.

In the presence of the acceptors monomeric bacteriochlo
rophyll, (chl)2, and (bchl-chl), q may be expressed as

/(chl^A /(bchl-chl)\ /bchl\
V py /  | V py /  | V py /™

9 / (chl)2\ /(bchf-chl)\ /bchl\
\ py /o  V py Jo \ py Jo

where the subscripts m and 0 refer to monomeric pigment 
and to “ critical concentrations” for transfer from chloro
phyll a to the acceptors.8 Since, at low trap density

where the subscript t refers to total concentration. At low 
concentrations of quenching pairs, the subscripts m and t 
may be suppressed in eq 5 and q becomes an expression 
quadratic in (chl)/(py):

Values of q corresponding to <ichi in the range 0.3 to 0.9 
were determined from a curve of the function of eq 3, and 
the corresponding values of (chl)/(py) were read from the 
experimental curves of Figure 5. In the plot of q against 
(chl)/(py), Figure 7, data over much of the quenching range 
are represented by straight lines passing near the origin, for 
series containing bacteriochlorophyll. For the series with 
chlorophyll a only, the points do not approach the origin 
linearly.

The slopes of the lines, g/[(chl)/(py)], are equal to 0/ 
[(bchl)/(py)]o, and since d is known, provide values of 
[(bchl)/(py)]0. These values are listed in Table I. Equation 
6 would be compatible with either upward or downward de
viation of the data from straight lines; the absence of a def
inite trend either way indicates that the second term in eq 
6 is rather small, and that therefore the parameter for
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I03- I04 105 I06 I07
( py)z /  (ch i ) [( ch i)  +  ( bch l)]

Figure 5. Correlation of fraction of light absorbed by chlorophyll a, 
not transferred to bacteriochlorophyll or quenching centers, with the 
density of the latter estimated by (chl)[(chl) +  (bchl)]/(py)2. Curve 
for chlorophyll a only (•) represents quenching by (chl)2 pairs only. 
Spread of remaining curves reveals transfer to bacteriochlorophyll 
not in quenching centers.

1.0

0.8

0.6
4* chi

0.4 

0.2

”  I03 I04 I05 I06 I07 I08

(py)2 /  ( c h i ) ( b c h l)

Figure 6. Correlation of the relative fluorescence of chlorophyll a 
with the density function (bchlXchl)/(py/ suggested by modified 
Duysens eq 2. The dashed line is a function of the form of eq 2 
drawn through midpoint of plot.

Figure 7. Plots of independent variable q of eq 3 against (chl)/(py), 
for evaluation of slopes /3/[(bchl)/(py) ] 0 in eq 6 .

transfer from chlorophyll a to (bchl-chl) is about the same 
as that for transfer to monomeric bacteriochlorophyll.

It is seen in Table I that the value of [(bchl)/(py)]o de
creases as (chl)/(bchl) increases. A logarithmic plot of these 
(Figure 8) implies a correlation of these quantities accord
ing to

TABLE I: Critical Ratios [ (bchl)/(py )] 0 and Effective 
Radii for Transfer of Energy from Chlorophyll a to 
Bacteriochlorophyll at Different Ratios o f the Two 
Pigments

(chl)/(bchl)
10 3 [(bchl)/

(py) ] 3
£
;X> A

Ro,
Kb

Pyrochlorophyll“ 4.09 42 58
0.73 3.7 43 59
2.55 3.34 43.5 60
3.0 2.83 45 62
7.2 1.88 54 75

14.1 1.38 60 83
Extrapolated Values

50 0.71 75 104
100 0.50 85 118
200 0.355 95 131
300 0.29 102 141

4 Values from ref 3. b R0 calculated for chlorophyll a in 
ether, from ref 10 .

[(bchl)/(py)]o = 0.0050[(chl)/(bchl)]-i/2 (7)

when (chl)/(bchl) > 2. If this is inserted into what is left of 
eq 6 we obtain

q = 200/?1/2(chl)/(py) = 200[(bchl)(chl)/(py)2]i/2 (8)

which through eq 3 reproduces the functional dependence 
of <t>chi on (bchl)(chi)/(py)2 predicted by eq 2 and found in 
Figure 6.

A critical pigment/polymer ratio such as [(bchl)/(py)]0 is 
proportional to l / f f03, where R0 is Forster’s parameter for 
pairwise energy transfer, the separation at which transfer is 
as probable as other modes of deactivation of the excited 
donor molecule. In our study of depolarization of fluores
cence of pyrochlorophyll,3 a critical transfer ratio [(py- 
rochl)/(py)]0 = 0.00409 was found to correspond to a criti
cal distance Ro = 42 A. This enables us to calculate effec
tive Ro’s corresponding to the values of [(bchl)/(py)]0 by 
the relation

RoHk) = (42)3(0.00409)/[(bchl)/(py)]0 (9)

These values are included in Table I.
The situation can be summarized as follows. Forster’s eq 

3 correctly describes the dependence of donor fluorescence 
on pigment concentration when there is transfer of energy 
among donor molecules, provided that the effective value 
of the critical distance Ro for transfer to acceptor is propor
tional to the sixth root of the ratio of donor to acceptor 
concentration. The same provision largely reconciles the 
Forster and Duysens expressions, eq 2 and 3.

We are now in a position to estimate an upper limit to 
the size of a photosynthetic unit. Since the critical concen
tration parameters for pyrochlorophyll and [(bchl)/(py)]o 
are very similar, and since pyrochlorophyll closely resem
bles chlorophyll a, the following calculation is fortuitously 
better applicable to green plan*, systems than to bacterial.

First, the foregoing arguments make it reasonable to ex
trapolate the line of Figure 8 into the range of donor-to- 
trap ratios more representative of photosynthetic units, 
and calculate the corresponding Ro’s for use in eq 3. This is 
done in the lower part of Table I.

The meaning of R o is that if a photon is captured within 
a sphere of that radius about an acceptor, it has a better- 
than-even chance of being transferred to that acceptor. 
There is, however, an upper limit to the density at which
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0.5 I 5 10 50 100 500

(Chi) /  (bchl)

Figure 8 . Correlation of critical ratio [(bchl)/(py) ] 0 for transfer of en
ergy from chlorophyll a to bacteriochlorophyll with (chl)/(bchl). Data 
of Table I; crosses indicate tabulated extrapolated values.

donors may be packed; in natural photosynthetic units this 
appears to be between 0.1 and 0.2 M. This limits the num
ber of donors that can be accommodated within the sphere 
of radius Ro, and therefore the size of a photosynthetic 
unit, if it is to capture energy efficiently. If the lower value 
is chosen, the number of chlorophyll molecules within a ra
dius Ro about the acceptor is

(chl)/(bchl) = 6(4/3)irf?031019 (10)

Equation 10, together with eq 7 and 9, gives the maximum 
values of Ro and (chl)/(bchl) that can be realized in the 
present construction of a photosynthetic unit. With a criti
cal distance of 42 A for pyrochlorophyll, the maximum Ro 
and (chl)/(bchl) are 126 A and 507.

In his recent review of energy transfer, Knox concludes 
that a higher value of Ro may be more appropriate for chlo
rophyll a.10 If 42 A is indeed too low, it is probably because 
of failure of polymer configuration theory to describe seg
ment distributions accurately at short range.3,10 If the 
value calculated for chlorophyll in ether, 58 A, is used in eq 
9, the values of Ro in the last column of Table I are ob
tained, and the maximum size of a photosynthetic unit ex
pands to Ro = 279 A and (chl)/(bchl) = 5490.

About these numbers, certain points should be kept in 
mind. They refer to a spherically symmetrical distribution

of chlorophylls, whereas the natural distribution is usually 
laminar; they assume a photosynthetic unit operating with 
about 50% efficiency, whereas actual units must be much 
more efficient and therefore smaller; they are critically de
pendent not only on the concentration of pigment, but also 
on the orientation and distribution of spectral varieties of 
the molecules.11,12

Still, the lower set of values does approximate the size 
and population of chloroplast lamella particles which are 
thought to correspond to photosynthetic units.13 The pop
ulation of the larger units of green bacteria, in which a 
more nearly spherical distribution of pigment may exist, 
lies between the calculated values.14 What is more signifi-# 
cant is that from this study of a model system, it has been 
possible to deduce a rational basis for calculating the size of 
a photosynthetic unit.
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Chlorophyll b is bound to poly(4-vinylpyridine) in nitromethane solution in two distinct spectral forms, 
with bands at least 6 nm apart. Both forms are apparently monomeric, because they exist at high polymer/ 
pigment ratios, and are distinct from the interacting pairs of bound pigment molecules which quench fluo
rescence. Both forms are fluorescent, and the transfer of energy from one to the other can be detected over 
a range of. pigment density. Interaction between a polymer pyridine nitrogen and the formyl group of chlo
rophyll b might be responsible for one of the forms. Transfer of singlet state energy from chlorophyll b to 
chlorophyll a in mixtures of the two bound to the polymer was observed, but the quantitative expression of 
the data is seriously complicated by concomitant transfer between the two chlorophyll b forms. In a terna
ry system of chlorophyll b, chlorophyll a, and bacteriochlorophyll, there was efficient trapping by bacter- 
iochlorophyll of energy absorbed by chlorophyll b and transferred through chlorophyll a.

Introduction

Chlorophylls and their derivatives bound to poly(4- 
vinylpyridine) in nitromethane constitute, a model system 
for the- examination of energy transfer and trapping pro
cesses such as occur in the photosynthetic units of green 
plants and certain bacteria. In the previous paper of this 
series, the measurement of transfer of energy from chloro
phyll a to bacteriochlorophyll by sensitization of fluores
cence was described.2 It was possible to elaborate the quan
titative analysis of those results into a more general, ratio
nal approach to estimating the maximum size of a pho
tosynthetic unit from the attainable pigment concentration 
and pairwise energy transfer parameters. The estimated 
sizes of photosynthtic units, assuming only stepwise energy 
transfer according to Forster, compared well with the size 
of units in green sulfur bacteria, which appear to conform 
most nearly to the assumptions implicit in the estimation.

We have also investigated transfer of energy in systems 
containing chlorophyll b and chlorophyll a. While transfer 
from the former to the latter was evident by sensitization 
of fluorescence, the system is complicated by the existence 
of two forms of chlorophyll b bound to poly(4-vinylpyri- 
dine), each monomeric and fluorescent, between which 
transfer of singlet excited state energy also occurs. This 
phenomenon was unexpected and so far is unique to chlo
rophyll b among chlorophylls and their derivatives. We 
shall present the evidence for the existence of these forms, 
and then describe the sensitization of chlorophyll a fluores
cence by transfer from chlorophyll b. Finally, some results 
with a three component system of chlorophyll b, chloro
phyll a, and bacteriochlorophyll are discussed.

Experimental Section

Materials. Chlorophylls a and b were extracted from 
spinach and purified chromatographically. Stock solutions 
were prepared in acetone. Most of the work was done with 
the polymer fraction of molecular weight 320 000 used in 
the previous paper.2 Some work was done with a fraction of 
molecular weight 870 000 (fraction B2 of ref 3). Nitrometh
ane was purified by fractional distillation and crystalliza
tion.3

The procedures for preparation of solutions and mea
surement of fluorescence were essentially the same as in 
the previous paper.2 Solutions of polymer with chlorophyll 
b alone, or mixed with chlorophyll a, were excited by radia
tion absorbed in the Soret band region of the former pig
ment, usually at 460 nm. Since chlorophyll b was in excess, 
absorption by chlorophyll a at this wavelength was slight. 
Any more than minimal fluorescence of chlorophyll a so ex
cited must arise from radiative or nonradiative transfer of 
energy from chlorophyll b. Fluorescence intensity was mea
sured at 650 nm (mainly chlorophyll b) and at 680 nm 
(mainly chlorophyll a if present, but with a strong chloro
phyll b component).

The quantum yields of chlorophylls a and b fluorescence 
in the presence of a large excess of polymer were deter
mined from measurements at a series of pigment concen
trations to correct for reabsorption.2’3 Their values were 
0.206 for chlorophyll a and 0.160 for chlorophyll b.

Results

When poly(4-vinylpyridine) is added gradually to a solu
tion of a chlorophyll pigment in nitromethane, the usual 
observation is that the original pigment absorption bands 
are replaced by broadened and red-shifted bands of dense
ly associated pigment on polymer. As polymer is added in 
excess, the bands narrow and move to shorter wavelengths 
as the pigment molecules become more sparsely distributed 
along the polymer chain, until the appearance of the spec
trum is that of monomeric pigment molecules in dilute so
lution. The spectral changes are accompanied first by 
quenching, then by restoration of fluorescence to normal 
values.4

These changes are observed with chlorophyll b as well as 
with chlorophyll a, bacteriochlorophyll, magnesium 
phthalocyanine, etc. However, in contrast to the others, 
when an excess of polymer is present, there is distinct evi
dence for the presence of not one but two monomeric forms 
of chlorophyll b bound to the polymer, both fluorescent, 
and differing in the positions of their band peaks. The evi
dence includes details of the absorption spectra, and more
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TABLE I: Spectral Properties of Chlorophyll b in Solution

Solven" \r, a Â 5r, A er, M 1 cm ' A

Acetone 6459 106 44 800 b 4543
Nitromethane + 3% acetone 6460 106 42 000 4572
Nitromethane * 6462 -6 465 101 -1 0 4 43 000 4576—458.0
Nitromethane, very dry 6459 120 4673 .
Nitromethane + pvp, 6511 136 4660

(py)/(chl b) = 35
Nitromethane + pvp,. . 6501 131 33 200 4634

(py)/(chl.b) = 1000
Nitromethane + 4-etbyl- 

pyridine, (py)/(chl b) =
6465 102

1500
a Peak wavelengths Ar and A. of red and Soret bands, molar absorptivity er, and half-width 5r at half-height of red

band. b Reference value from A. S. Holt and E. E. Jacobs, Am. J. Botany, 41, 710 (1954).

decisively in variation of fluorescence activation and emis
sion spectra.

Absorption Spectra. Some spectral properties of chloro
phyll b in various solvent mixtures are compiled in Table I. 
As chlorophyll b tends to be more soluble in nitromethane 
than chlorophyll a. more thorough drying of the solvent is 
necessary to induce aggregation before polymer is added. 
The clearest indication in Table I of two species in the 
presence of excess polymer is that the half-width, 5r, does 
not return to the smaller value characteristic of monomeric 
solutions. The spectral bands, however, are broadened and 
shaped in such a way as to suggest the presence of two 
close, overlapping bands. The red displacements reported 
here are not as large as those presented before,4 which 
suggests that the purity of the solvent has much to do with 
the appearance of the spectrum even in the presence of ex
cess polymer.

Fluorescence. Changes in fluorescence intensity, excited 
at 460 nm and measured at 650 and 680 nm, (l4fo and 
7 ® ,  and the position of the Soret peak, are plotted 
against the equivalent ratio of polymer pyridine units to 
pigment, (py)/(chl b), in Figure 1. At low polymer concen
tration, fluorescence is partially quenched, but not as 
strongly as with chlorophyll a and bacteriochlorophyll.2'3 
The curves for restoration of fluorescence intensity at 650 
and 680 nm have different shapes, and the difference be
tween them, corrected for photomultiplier sensitivity, pass
es through a maximum at (py)/(chl b) = 60, just beyond the 
maximum red shift of the Soret band near (py)/(chl b) = 
40. The change in relative fluorescence intensity at 650 and 
680 nm continues well beyond the point where weak associ
ations between bound pigment molecules have been broken 
up, as indicated by return of the Soret band to its normal 
position, in a manner which suggests transfer of energy 
from the shorter-wave to the longer-wave emitting species.

In Figure 2, the relative intensities of fluorescence at 650 
and 680 nm, excited in the Soret band at 460, 470, and 480 
nm, are compared. If there were only one emitting species, 
the curves would ah be proportional to each other, differing 
only in intensity, but this is not the case. As in Figure 1, 
680-nm fluorescence rises before 650 nm, however excited. 
Fluorescence at 650 nm is excited most strongly at 460 nm, 
followed by 470 and 480 nm. Fluorescence at 680 nm is ex
cited most strongly at 470 nm, followed by 480 and 460 nm. 
This difference persists at large (py)/(chl b) ratios. The 
ratio of total fluorescence emitted at 680 nm to that at 650 
nm maximizes at about (py)/(chl b) = 60, as in Figure 1 . 
This ratio reflects the extent to which energy is transferred 
from the predominantly 650-nm species to the longer-wave 
species.

K> ©0 1000
(py) / (Chib)

Figure 1. Spectral and fluorescence intensity changes as functions 
of chlorophyll b-polyvinylpyridine composition. From top: fluores
cence intensities, excited at 460 nm and read at 650 nm and at 680 
nm, not corrected for photomultiplier sensitivity; the difference be
tween them, /48oS65o /S68o — /«fo. corrected for photomultiplier 
sensitivity (right ordinate scale); position of Soret band peak. Grad
ual rise in Xs between (py)/(chl b) =  200 and 1000 is unusual and 
probably indicates minor change in solvation of bound pigment by 
impurities.

Figure 2. Comparison of fluorescence intensities, excited at 460, 
470, and 480 nm in the Soret band, and measured at 650 and 680 
nm. Fluorescence Intensities on a relative scale. Lower curve: ratio 
of total fluorescence excited at 680 and 650 nm, i.e., +  /«!„ +,480, //■ 460 I ,470 i ,480, "> 7680 1680'feeoj'y'feso > foso ' 'f65o)-

In another experiment, the fluorescence spectrum was 
traced with an Aminco-Bowman spectrophotofluorometer 
for three (py)/(chl b) ratios, with excitation at 450, 460, 
470, and 480 nm. The positions of the fluorescence peaks 
are compared in Table II. When no polymer is present, the 
fluorescence peak is at 650 nm, irrespective of excitation 
wavelength. When polymer is present, the fluorescence
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TABLE II: Variation of Fluorescence Peak Wavelength 
with Excitation Wavelength and (py)/(chl b)

(py)/(chl b) 0 33 165 428
Excitation 

.wavelength,
,nm Fluorescence peak wavelength, nm

0.5 - 

0 .4  - 

0 .3 -

450 650 651 654 652 0.2 -
460 650 654 654 653
470 650 655 657 656 o. i L
480 650 658 658 658 0 L

/ \

-.0 .3  

■ 0.2

•

peak wavelength changes by 4-7 nm as excitation passes 
through the Soret band.

It was considered that part of the chlorophyll b might 
have undergone a chemical reaction in solution with the 
polymer, perhaps similar to the oxidation reported earlier 
for chlorophyll a,4 which could account for the displace
ment of the band to longer wavelengths. After the above 
experiment, the nitromethane was evaporated and the pig
ment extracted from the residues with acetone. Only the 
spectrum of chlorophyll b was found, with ho sign of a 
longer wave compound. Evidently only one chemical 
species is responsible for the two spectrally distinct forms.

Chlorophyll b-Chlorophyll a Systems. When chloro
phyll a is present together with chlorophyll b, transfer to 
the former is shown by increased fluorescence intensity at 
680 nm, though at 460 nm only chlorophyll b is excited. Se
ries of fluorescence intensity measurements were made at 
(chi b)/(chl a) ratios of 36,14, 9.4, 4.9, 2.6, and 2.5. Fluores
cence intensities for the series with (chi b)/(chl a) = 4.9 are 
typical and are shown in Figure 3. In comparison with the 
series without chlorophyll a (Figure 1), the fluorescence at 
680 nm is stronger and peaks at a smaller (py)/(chl b) ratio. 
The difference between 7fgfo and l4,to is peaked more 
sharply and at a larger (py)/(chl b) ratio than the corre
sponding difference in Figure 1. The difference between 
these two curves reflects the transfer of energy to chloro
phyll a, in addition to that transferred to the long wave
length form of bound chlorophyll b.

Quenching of fluorescence by associated pigment pairs 
becomes prominent at (py)/(chl b) < 100. The fluorescence 
of chlorophyll b as measured by 7f65o is reduced by this pro
cess as well as by transfer to chlorophyll a. In the chloro
phyll a-bacteriochlorophyll system, these processes were 
separated by plotting the chlorophyll a fluorescence against 
(py)2/(chl a) [(chi a) + (bchl)], which quantity was sup
posed to be inversely proportional to the density of 
quenching pairs along the polymer chain. The correspond
ing plot for the present system is presented in Figure 4, in 
which 7f65o, relative to its limiting value at large polymer 
concentration, is plotted against the reciprocal of the total 
pigment density on the polymer. In the absence of better 
information, it was assumed that all pigment pairs, (chi 82), 
(chi a-chl b), and (chi b)2, occur in statistical proportions 
and quench fluorescence equally; the abscissa then is in
versely proportional to the square root of quenching center 
density.

In Figure 4, the recovery of chlorophyll b fluorescence is 
delayed in the presence of chlorophyll a, but not by nearly 
as much as in the chlorophyll a-bacteriochlorophyll sys
tem. There is also less regularity in the displacement of the 
curves as a function of (chi b)/(chl a). Perhaps the stron
gest effect is decreased fluorescence intensity at small (py)/ 
[(chi b) + (chi a)] values. These results become under
standable if we consider that chlorophyll a, at the ratios 
used, makes a relatively small addition to the long wave-

( p y ) / t g h l ' b ) #

Figure 3. Fluorescence intensities as functions of (py)/(chl b) for se
ries with (chiI b)/(chl a) =  4.9: open circles, /^ fj; solid circles, /f^ol 
triangles, l£toS65o/S680 — (right ordinate scale).

ofem-m

♦
/ / /  /

U'°T .♦oV / '
/ '

' (Ch b ) / [Chi a) -
i 0 2.5• 2.6 

O 4 .9  
4 14.0

100 1000 
[pyl / [ (Chi  o ) + ( C h l  b>]

Figure 4. Plot of chlorophyll b fluorescence, as measured by Iftio 
relative to its value at high polymer concentration, against recipro
cal pigment density on the polymer, assumed proportional to the 
square root of the quenching pair density. Curves for (chi b)/(chl a) 
=  36 and 9.6 are omitted to reduce crowding.

length form of chlorophyll b, which already serves as accep
tor of the fluorescence measured by 7f65o. The long wave
length form also functions as an intermediate trap for ener
gy, which has the effect of retarding its transfer to the 
deeper traps of chlorophyll a.

The fraction fa of absorbed quanta transferred from 
chlorophyll b to chlorophyll a was estimated by5

_  0b 6̂50̂ 680̂ 650 ~  F68(/f65ffS'68o| ...
1  —  4 > t <t> a  F 6 8o 7 f 6 5 o S 6 8 0  —  ^ 6 5 0 ^ 6 8 0 * 5 6 5 0  J

In eq 1, S 6r,o and Seso are the sensitivities of the photomul
tiplier at the two wavelengths, and the factors Peso, Fm, 
Eggo, and F%80 are the fractions of total fluorescence of chlo
rophylls b and a passed by the 650- and 680-nm interfer
ence filters. The chlorophyll b and chlorophyll a fluores
cence quantum yields, <t>b and 4>a, were taken from curves 
for the pure pigment systems; the ratio 4>b/<t>a ranged from 
2.39 at small (py)/[(chl a) + (chi b)] to 0.78 at large. The 
ratio T’ggo/Efso is identified with the value of 
7f680*5650/7f65o*5 680 for pure chlorophyll b, and varies with 
(py)/(chl b) (Figure 1).

Equation 1 does not correct for reabsorption and reemis
sion of fluorescence; calculated values of fa may therefore 
be high by something on the order of 5-10%.

Values of fa for the several series are plotted against (py)/ 
[(chi a) + (chi b)] in Figure 5. In this plot, the curves 
through the points for each series are strongly peaked near 
(py)/[(chl a) + (chi b)] = 50. It appears that if quenching or 
failure of chlorophyll b to bind entirely did not prevail, the 
transfer to chlorophyll a would be essentially copiplete at 
smaller values of the abscissa.

Chlorophyll b-Chlorophyll a-Bacteriochlorophyll Sys
tem. We made one series of fluorescence measurements
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Figure 5. Fraction fa of excitation energy quanta, absorbed by chlo
rophyll b and transferred to chlorophyll a, as function of reciprocal 
pigment density on polymer; fa calculated by eq 1 ,

Figure 6 . Intensity of fluorescence at characteristic wavelengths in 
ternary system of chlorophyll b, chlorophyll a, and bacteriochloro- 
phyll in the ratio 14.25:28.5:1. Fluorescence intensities in relative 
units but corrected for photomultiplier sensitivity.

with a three pigment system which was set up to operate 
somewhat like a natural photosynthetic unit. The pigment 
concentration ratios were set at chi b:chl a:bchl = 14.25: 
28.5:1. At these ratios and with excitation at 460 nm, nearly 
all the light was absorbed by chlorophyll b, and transferred 
to chlorophyll a within one or two jumps. Chlorophyll a 
then acted as the principal energy transfer pigment and 
bacteriochlorophyll as the trap.

Fluorescence intensities, corrected for photomultiplier 
sensitivity, are plotted in Figure 6 for the representative 
wavelengths. The fluorescence of the trapping pigment, 
•ff8O0, peaks at (py)/(chl a) = 50, then declines as the fluo
rescence of chlorophyll a, rapidly rises. At larger (py)/ 
(chi a) values, the fluorescence of chlorophyll b increases at 
the expense of that of chlorophyll a, just as it does in the 
series with those two pigments alone (Figure 3).

If the peak fluorescence intensity of bacteriochlorophyll 
is compared with that of chlorophyll b at large (py)/(chl a), 
and account is taken of the quantum yields (0.086 and 
0.160) and filter factors (Fjjoo1 = 0.293, Fgso = 0.101), it is 
estimated that at least 35% of absorbed quanta are trans
ferred to bacteriochlorophyll at (py)/(chl a) = 50. Since 
bacteriochlorophyll constitutes only 2.3% of the pigment 
molecule population, trapping of the energy would appear 
to be rather efficient in this system. Maximum sensitiza
tion of bacteriochlorophyll fluorescence is found at pig
ment densities at which most of the fluorescence of chloro
phylls a and b would be quenched by interacting pigment

pairs; this suggests that transfer to quenching centers may 
not be irreversible, and that further transfer to deeper 
traps is still possible.

Discussion

The presence of two spectrally distinct and fluorescent 
forms of chlorophyll b on poly(vinylpyridine) was unex
pected, and an explanation for it is not obvious. The two 
forms are the same chemical species, because only chloro
phyll b can be recovered from the complex. The forms are 
monomeric, because they persist at large polymer concen
trations, and are distinct from the pair interactions that 
give rise to fluorescence quenching.

The presence of traces of water and other impurities in 
solution probably modifies the spectra of bound chloro
phyll b somewhat, but this alone cannot account for two 
forms, because they are not found with chlorophyll a. In an 
experiment in which the total chlorophyll b plus polymer 
concentration was varied at fixed large and small (]5y)/(chl 
b) ratios, the spectrum of the dense aggregate was broad
ened and reddened with increasing concentration, but the 
spectrum of the sparse aggregate was unaffected, This is in
terpreted as the expected effect of traces of impurities on 
the extent of pigment association in dense aggregates, and 
as the lack of an effect on the relative amounts of the two 
forms in sparse aggregates.

Chlorophyll b differs structurally from chlorophyll a only 
in having a. formyl group at the 3 position instead of a 
methyl. Conjugation of the formyl group with the chlorin 
ring system produces a hypsochromic displacement of the 
red band from its position for chlorophyll" a. Construction 
of a model shows that if chlorophyll b is bound to syndio- 
tactic poly(4-vinylpyridine) by a dative bond from pyridine 
to Mg, the next pyridine but one along the polymer chain is 
able to come in contact with the C atom of the formyl car
bonyl group. Nucleophilic approach by pyridine at this po
sition would tend to reduce the interaction between the 
formyl group and the rest of the molecule, and produce the 
bathochromic shift, with respect to chlorophyll b, that 
characterizes the long wavelength form. We have, however, 
no independent support for the conjecture that this man
ner of binding is responsible for the longer wavelength 
form.

There is convincing evidence that chlorophyll a in algae 
exists in distinct spectral species, differing in the positions 
of their red bands by about 8 nm.6 A possible role of these 
species in accelerating the transfer of energy to the trap has 
been discussed.7 There is also evidence for two spectral 
species of chlorophyll b in algae, with bands at 640 and
649.5 nm. There has been much speculation as to what kind 
of interactions between chlorophylls and their environment 
produce these spectrally distinct forms; the prevailing 
opinion is probably that they arise from exciton interaction 
of closely associated chlorophyll molecules in dimers and 
higher aggregates.8 9 Displacement of the spectra can also 
arise in monomeric pigments by association with other 
polar or polarizable molecules in their vicinity.10'11 It is in
teresting, though not necessarily relevant to the photosyn
thetic unit structure, that in our model system, two mono
meric forms of a chlorophyll coexist and transfer energy 
one to the other.
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On the Annihilation Lifetimes of Positrons Bound in Positronium Complexes1
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An experimental approach is described to determine the annihilation lifetimes, rc, of positrons in Ps com
plexes of p-dinitrobenzene and p-benzoquinone in organic solvents. It is based on the dependence of / 2, the 
intensity of the long-lived component in the positron lifetime spectra, on the chemical reaction rates of the 
Ps atoms with the substrate molecules, which in turn vary as a function of temperature. From the experi
ments an average value for rc = 0.36 ±  0.10 ns has been obtained.

Introduction

A positron may combine with an electron to form a elec
tron-positron bound state, the positronium atom (Ps). 
This species has a lifetime of about 10-7 to 10-9 s which is 
too short for its reactions to be followed by conventional 
product analysis. The chemical reactions of positronium 
can be studied by observing changes in its average lifetime 
and decay modes which are dependent on the chemical re
activity and physical composition of its environment.2

By using these methods Madia, Nichols, and Ache3 have 
been able to show that Ps undergoes reversible molecular 
complex formation in solutions with compounds which are 
known in conventional chemistry as strong complex for
mers, such as nitrobenzene, benzoquinone, etc. Tempera
ture studies were carried out which resulted in an assess
ment of the kinetics and the activation parameters of these 
processes.

Very little, however, is known about the exact nature of 
the Ps complex,4 especially about the annihilation lifetime 
of the positron in the Ps complex. At the present time only 
a few quantum mechanical calculations have been pub
lished, which would predict lifetimes of about 0.31 ns for 
PsLi+,5'6 0.33 ns for PsNa4-,5’6 5 ns for PsCl,7’8 and 0.45 ns 
for PsH.9

Thus in the following we wish to report the results of a 
preliminary experimental study from which an estimate of 
the positron annihilation lifetimes in Ps complexes of com

pounds such as dinitrobenzene and p-benzoquinone may 
be derived.

Experimental Section

The experimental procedures were essentially the same 
as previously described.3'10

(a) Positron Lifetime Measurements. Positron lifetime 
measurements were carried out by the usual delayed coin
cidence method.2 The resolution of the system as measured 
by the prompt time distribution of 60Co source and without 
changing the 1.27- and 0.511-MeV bias was found to be less 
than 0.4 ns

(b) Purity and Source of Reagents. All solvents were of 
highest available purity. They were dried by means of a 
molecular sieve and redistilled. The other compounds used 
in these investigations were purified by suitable methods, 
distillation, recrystallization, and preparative gas chroma
tography, until subsequent tests showed a purity of better 
than 99.5%.

(c) Preparation of Sample. Specially designed sample 
vials (cylindrical glass tubes 100 mm long and 10 mm i.d.) 
were filled with about 1 ml of solution. The positron 
sources were 3-5 pCi 22Na prepared by evaporating carrier 
free neutral solutions of either 22NaHC03 or 22NaCl (ob
tained from ICN) onto a thin aluminum foil. The radioac
tive foils were suspended in the solutions and all solutions 
were carefully degassed by freeze-thaw techniques to re-
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move oxygen. The vials were subsequently sealed off and 
immersed in a specially designed thermostat which allowed 
control of the temperature within ±1.0 °C. Special care has 
been taken to evaluate the potential effects of heat and ir
radiation (by the 22Na source) on the sample. Thus data 
points were first obtained at increasing temperatures, then 
the cycle was reversed and data were obtained at decreas
ing temperatures. The data were found to be reproducible 
throughout the full cycle which clearly indicated that no 
significant changes had occurred in the samples.

Results and Discussion
As discussed in our previous paper3 the experimental re

sults obtained in solutions of diamagnetic organic com
pounds, such as nitrobenzene derivatives and p-benzoqui- 
none, provide strong evidence that thermal Ps atoms react 
with these molecules via a mechanism which involves the 
reversible formation of a Ps complex. It can be formulated 
as follows:

annihilation in solvent K\
2y - ------------------------------ Ps +  M i ^

Ap K 2
Xcpsjyj__y . 2y (annihilation in complex) (1 )

According to the above reaction scheme the following re
actions have been considered: (1) reaction of’Ps with sub
strate M to form a Ps complex PsM (rate constant K\)\ (2) 
decomposition of PsM (rate constant X 2); (3) positron an
nihilation in complex (decay constant Ac); (4) annihilation 
of Ps in bulk solvent with rate Xp.

Since the concentration of M, the substrate, remains es
sentially constant throughout the experiment the mecha
nism can be simplified to

2y ■<—— Ps •<—>- PsM — 2y (XY = X[M]) (2)
k2

Appropriate kinetic equations have been set up3 which led 
to a correlation between \ 2 = 1/ t2, where r2 is the lifetime 
of the long-lived component in the positron lifetime spec
tra, and Ap, Ac, and the rate constants K\, Kr.

A2 -  Ap ± A iAc 
K-i ±  Ac

[M]

Ki ±  Ac : X̂ obsd

(3)

Figure 1 shows a plot of X 0bsd vs. 1 IT (the reciprocal of the 
absolute temperature). The Arrhenius behavior of the vari
ous systems observed at lower temperature suggested that 
in this region X 2 «  A c , so that X 0bsd becomes equal to Ki,3 
which in turn indicates that under these conditions most 
Ps atoms which have formed the Ps molecule complex will 
annihilate from the bound state (Ps complex) before the Ps 
complex decomposes. Thus in this region the Ps reaction 
can be adequately described as follows:

Xp K i, Ac
2A•*-—  Ps ±  M — » P s M — >-27 (4)

The appropriate rate equations for this reaction were 
solved in a similar fashion as described elsewhere.2'3’10“ 13 
One obtains for A2:

A2 = Ap ±  Xi[M]

and for the number of positrons, / 2, decaying with the rate
A2:

Figure 1. Kobsa tor Ps reactions with p-dinitrobenzene and p-benzo- 
quinone in different solvents vs. 1000/7. (Arrows indicate region 
used for computation of Ac.)

TABLE I: Temperature Dependence o f X ,, À2, and I2 for 
the Reaction of Orthopositronium with p-Dinitrobenzene 
and p-Benzoquinone in Solution

Solute T, “C
X2, ns 1 
(±0.005)

/ 2,%
(±0.5)

* i ,M -
ns-1

7.36 mM
p-dinitrobenzene —45 0.459 32.4 12.7
(solvent toluene) -2 6 0.507 32.4 20.8

5 0.595 32.4 35.6
21 0.700 34.9 51.3
35 0.752 35.3 59.5
54 0.819 35.0 70.4
70 0.927 36.5 86.5
85 1.043 40.0 103.6

105 1.125 40.9 116.5
13.15 mM

p-benzoquinone 5 0.725 33.7 29.8
(solvent toluene) 23 0.846 37.3 39.9

41 1.035 43.1 55.2
58 1.014 38.7 54.4
78 1.193 48.5 69.0

7.72 mM
p-dinitrobenzene 5 0.414 19.9 11.6
(solvent 1 -pentanol) 22 0.462 19.6 17.8

40 0.516 20.6 24.9
65 0.657 24.2 43.1
88 0.758 27.3 56.9

113 0.924 34.3 99.2

h  = Nt ° ( l  ±
X i [M]n

Ac -  A2/ (5)

(Nt ° is the formation probability of (thermalized) o-Ps). 
Equation 5 can be rearranged to

l //2 = 1/Nt ° -  Xi[M]/(Ac -  A2)/Vt ° (6)

The 12 and A2 values observed by varying the temperature 
in systems, such as p-dinitrobenzene in pentanol and tolu
ene, and p-benzoquinone in toluene, are listed in Table I. 
Only those data points or temperature ranges have been 
considered, where (a) Arrhenius behavior, i.e., K\ = K abs(j 
(vide supra) can be safely assumed and (b) where the 72 
values for the pure solvents (listed in Table II) show no sig
nificant changes, i.e., for p-dinitrobenzene in pentanol 
5-113 °C; p-dinitrobenzene in toluene —45 to 123 °C, and
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TABLE II : Temperature Dependence of X2 and /2 in 
Toluene and 1-Pentanol

Compound

1-Pentanol

T, °C

22
22
36
65
88

108

X3, ns-1 
(±0.005)

/ 2, % 
(±0.5)

TABLE III: Orthopositronium Formation Probabilities 
(Nj°)  and Annihilation Lifetimes o f Positrons (rc ) in 
Ps Complexes of p-Dinitrobenzene and p-Benzoquinone 
in Toluene and 1 -Pentanol Solutions

Toluene —75 0.381 37.3 Solute Solvent Ap,û ns 1 Tc, ns H O

-5 7 0.373 36.4 p-Dinitro- Toluene 0.315 0.25 30.8
-2 7 0.355 36.4 benzene

3 0.333 37.3 (7.36 mM)
21 0.319 36.8 p-Benzo-. Toluene 0.315 0.36 28.7
37 0.312 36.5 quinone
53 0.303 36.2 (13.15 mM)
72 0.294 37.1 p-Dinitro- 1-Pentanol 0.326 0.48 19.0
91 0.277 37.8 benzene

110 0.260 38.1 (7.72 mM)
0.324
0.326
0.326
0.325
0.319
0.315

22.2
22.8
22.7 
22.9
22.8 
23.1

a Xp = X, of pure solvent at 21-37 °C as listed in Table II.

a slope [M]/(Xc — \P)/Nr°. The ratio of the latter two yields 
[M](XC — Xp). From the pick-off annihilation rate in the

K| [ M "1 nsec"1]

Figure 2. 1 //2 vs. K-, for solutions of p-dinitrobenzene and p-benzo- 
quinone in toluene and 1 -pentanol.

for p-benzoquinone in toluene 5 to 78 °C. According to eq 6 
1//2 should be under these experimental conditions a linear 
function of Ki[M],

The result is indeed a straight line, as shown in Figure 2 
where I//2 is plotted vs. K 1, with an intercept of 1/Nt° and

pure solvent, taken from Table II, and the known solute 
concentration [M], Xc =  1/ tc can be obtained.

The results are shown in Table III. The positron annihi
lation lifetimes rc in these Ps complexes (in solution) range 
from 0.25 to 0.48 ns with an average value of 0.36 ns. These 
numbers agree quite well with those which have been more 
recently reported for the many electron-positron sys
tems.5-6’8’9 The relatively large experimental error involved 
in these measurements does not allow, however, any con
clusion at the present time as to the dependence of the life
time on the nature of the molecule or the solvent used.

References and Notes

(1) Work supported by the U.S. Atomic Energy Commission.
(2) For general references, see (a) J. Green and J. Lee, "Positronium 

Chemistry", Academic Press, New York, N.Y., 1964; (b) V. I. Goldanskii, 
At. Energy Rev., 6, 3 (1968); (c) J. D. McGervey in "Positron Annihila
tion” , A. T. Stewart and L. 0 . Roellig, Ed., Academic Press, New York, 
N.Y., 1967, p 143; (d) J. A. Merrigan, S. J. Tao, and J. H. Green, "Physi
cal Methods of Chemistry” , Vol. I, Part III D, A. Weissberger and B. W. 
Rossiter, Ed., Wiley, New York, N.Y., 1972, (e) H. J. Ache, Angew. 
Chem., Int. Edit. Engl., 11, 179 (1972); (f) J. H. Green, MTP ht. Rev. Sci., 
Inorg. Chem., Ser. One, 8, 251 (1972); (g) V. I. Goldanskii and V. G. Vir- 
sov, Ann. Rev. Phys. Chem., 22, 209 (1971).

(3) W. J. Madia, A. L. Nichols, and H. J. Ache, J. Am. Chem. Soc., 97, 
5041 (1975).

(4) See, e.g., W. J. Madia, J. C. Schug, A. L. Nichols, and H J. Ache, J. 
Phys. Chem., 78, 2682 (1974).

(5) Din Van Hoang, Zh. Eksp. Teor. Fiz., 49, 630 (1965); Teor. Eksp. Khim. 
2, 260 (1966).

(6) R. Bell and M. Jorgenson, Can. J. Phys., 38, 652 (1960).
(7) L. Simons, Phys. Rev., 90, 165 (1953).
(8) R. A. Ferrell, Phys. Rev., 103, 1266 (1956).
(9) P. Navin, D. M. Schrader, and C. F. Lebeda, Appl. Phys., 3, 159 (1974); 

Phys. Rev. A, 8, 2248 (1974).
(10) T. L. Williams and H. J. Ache, J. Chem. Phys., 50, 4493 (1969).
(11) H. Horstmann, J. Inorg. Nucl. Chem., 27, 1191 (1965).
(12) S. J. Tao and J. H. Green, J. Chem. Soc. A, 408 (1968).
(13) P. Jansen, M. Eldrup, B. Skyttejensen, and O. E. Mogensen, Chem. 

Phys., 10 ,303 (1975 ).

The Journal o f Physical Chemistry, Vol. 80, No. 5, 1976



454 Rosenthal, Poupko, Muszkat, and Sharafi-Ozeri
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The interaction of electronically excited adenine or adenosine with carboxylic acids yields free radicals 
generated by the homolytic cleavage of the carboxyl group. When an amino acid serves as substrate, the 
loss of the amino group is the predominant process.

Introduction
Photochemical reactions of purines may serve as model 

systems for the study of radiation damage to nucleic acids 
in living organisms. Electronically excited purines have 
been reported to react with alcohols,1 amines,2-3 and ali
phatic a-amino acids4 to give the corresponding substitut
ed purines. In several cases the functional group of the sub
strate did not appear in the final product. This observation 
suggests that the substrate was cleaved by interaction with 
the excited purine.

The present study aims at the investigation of photoin- 
duced reactions of purines with carboxylic acids, primarily 
the identification of the reactive species generated. Thus, 
the light-induced reactions of adenine and adenosine with 
a number of aliphatic carboxylic acids and amino acids 
have been performed and the transient species generated 
have been characterized by ESR.

Experimental Section

The organic compounds were from commerical sources 
and were purified before use. The protected amino acids 
and peptides used in this work were prepared by standard 
procedures and were chromatographically pure. The elec
tron spin resonance spectra were recorded with a Varian E 
12 ESR spectrometer equipped with a Varian E 257 vari
able temperature unit. The excitation in the microwave 
cavity was accomplished by ultraviolet irradiations with a 
dc operated Osram 200-W high-pressure mercury lamp 
housed in a Wild reflector. A cutoff Corning filter 7910 (2 
mm) placed in front of the lamp removed light of wave
length shorter than 220 nm. The experimental procedure 
consisted of ultraviolet irradiation at —180 °C of an aque
ous solution of adenine (5 X 10-4 M) or adenosine (5 X 
10-3 M) and organic acid (0.1 M) titrated with NaOH to 
pH 7. The solutions were thoroughly flushed with helium 
before freezing. The esr spectra obtained were symmetrical 
and the hyperfine coupling constants could be measured to 
an accuracy of ±  1 G.

Results and Discussion

Adenine or adenosine sensitized photolysis of carboxylic 
and amino acids in frozen aqueous solution yields alkyl free 
radicals which could be detected and subsequently charac
terized by ESR spectroscopy. These species are produced 
by the homolytic cleavage of a carboxyl or amino group 
from the substrate. The results are summarized in Table I.

Thus, the formation of methyl free radical from acetic 
acid, ethyl radical from propionic acid, and cyclopentyl

radical from cyclopentanecarboxylic acid have been ob
served by irradiation of the parent acids in the presence of 
adenosine at liquid nitrogen temperature. For purposes of 
comparison, we produced the identical radicals by the pho- 
tooxidative decarboxylation of the same carboxylic acid 
with K3Fe(CN)6 as photosensitizer.5 The formation of the 
more stable tertiary radical from isobutyric acid results 
from abstraction of a hydrogen atom probably by the radi
cal initially formed by decarboxylation.

When amino acids served as substrates, loss of the amino 
group occurred instead of the decarboxylation process. 
This conclusion is supported by the splitting pattern ob
tained, as well as by deuterium exchange èxperiments. 
Thus, when photolyses of the amino acids were carried out 
in D2O, the spectra were unchanged, indicating the absence 
of exchangeable amino protons adjacent to' the odd elec
tron. When present, such as in the +NH3-CH 2 radical, the 
amino protons are equivalent to the rest of hydrogen atoms 
and can be easily detected.5 Additional support in the favor 
of this assignment was provided by experiments with par
tially protected amino acids. While a weak poorly resolved 
signal was generated from N-acetylalanine, the alanylam- 
ide gave the same radical as free alanine. These results con
firm a previous report6 that the interaction of photoacti- 
vated adenosine with glycine leads to the fragmentation of 
the latter through the loss of the amino group. The relative 
deamination rates of the free amino acids were established 
to be a-aminoisobutyric > Ala > Gly. This order corre
sponds to the stability of the generated radical. Further
more, the same reaction pattern was observed for several 
alanine peptides. Thus AlaGly, AlaAla, AlaVal, AlaSer, 
(Ala)3, and (Ala)4 displayed a five-line spectrum character
istic of the residual alanine CH3CH- entity formed by 
deamination.

In frozen aqueous solutions, aggregates of purine mole
cules are formed'-8 and this complex formation could play 
some role in the photochemical reaction. Since these aggre
gates can be broken by the addition of salts to the aqueous 
solution before freezing, we performed parallel experiments 
under the same conditions, in the presence and absence of 
NaCl (0.5 M). Since the ESR signal intensities in these ex
periments were virtually unchanged it follows that either 
the aggregates do not play a significant role in this photo
chemical reaction or that they were already destroyed by 
the substrate, i.e., the acid at the concentrations employed 
(0.1 M).

The question of the nature of the primary photochemical 
process is particularly intriguing. The present reaction 
takes place by initial excitation of the purine chromophore 
in its 260-nm absorption band. Blanks, composed of solu-
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TABLE I
Compound Radical Hfsc

Acetic acid c h 3 (flH = 22.5 G)
Propionic acid c 2h 5 K HU= 22 G,

<Z/JH = 26.5 G)
Isobutyric acid (CH3)2CCOO- (a» = 22 G)
Cyclopentane-

carboxylic O = «(JH = 24 G)

acid
Glycine CH2COO" (qH = 20 G)
Alanine c h 3c h c o o - (anH = ap H = 24 G)
a-Aminoiso- (CH3)2CCOO- (aH = 22 G)

butyric acid
Alanylamide c h 3c h c o n h 2 (a« H' = <*/»H = 24 G)
AlaGly, AlaAla, CH3CH—CONHR (fiaH = ap H = 24 G)

Ala Val, AlaSer,
(Ala),, (Ala)4

tions of acids in the absence of purine base verified that di
rect photolysis of substrate was insignificant.

Helene et al.9 have shown that the initial step in the ul
traviolet irradiation of an aqueous solution of adenosine is 
photoionization via a two-photon mechanism with a triplet 
state as intermediate* It has also been suggested that the 
subsequent chemical transformations in the adenosine-sen
sitized 'photoreactions are due to the interaction between 
the photoejected electron and substrate.6’9

In the present case, our reasons for postulating bipho
tonic ionization process involving the triplet state are as 
follows.

(1 ) We have found that the reaction is entirely sup
pressed by paramagnetic ions Co2+ and Cu2+ (5 X 10~4 M). 
At the adenine:quencher (10:1) ratio employed, the fraction 
of light absorbed by the transition metal salts (C0CI2 or 
CUSO4) is negligible at the 260-nm absorption maximum of 
adenine. Therefore, the inhibition observed is most proba
bly due to quenching of triplet adenine.10

(2) A study of the relative concentrations of paramagnet
ic species generated from acetic acid as a function of pH 
(Figure 1) shows that the radical generation is severely in
hibited at low pH. Since adenosine has been shown to have 
its phosphorescence quenched by protonation at the Ni po
sition11 (pK a ~  4) the failure to observe radicals at low pH 
values suggests that the presence of the adenosine triplet is 
vital in this process. Two observations point against the 
other alternative, that the acid inhibition is due to scaveng
ing of the photoejected electrons by acid protons, (a) De
spite efforts no ESR evidence for hydrogen atoms could be 
obtained at —196 °C. (b) Radiolyses of acetic acid in aque
ous solution at —196 °C yield methyl radicals.12 Thus de
carboxylation of carboxylic acids by reaction with electrons 
still takes place in an acid medium. Similarly the reaction 
between electrons photoejected from aromatic amino acids 
and divalent cations, although affected, still occurs to a 
considerable extent even in the presence of a mineral 
acid.13

(3) Finally we measured the dependence of the rate of 
formation of free radicals on the intensity of photolyzing 
light. The intensity of the light source was varied by means 
of a calibrated metal screen. For a given light intensity we 
recorded the initial increase in the ESR resonance signal 
with the time of irradiation. It was found that the rate of 
radical formation thus determined was proportional to the 
square of the light intensity which suggests a biphotonic 
absorption as the rate-determining step (Figure 2). The re-

pH

Figure 1. Relative CH3 concentration as a function of pH.

Irradiation time (min)

Figure 2. Relative CH3 concentration as a function of irradiation time 
at two different light intensities.

producibility of these measurements was in the limits of 
10% error. The experimental conditions were chosen as to 
ensure a linear dependence of the concentration of the trip
let excited adenosine molecules on the light intensity. This 
correlation was separately established by recording the 
phosphorescence emission of the adenosine solution at dif
ferent light intensities.

(4) Despite the crucial role played by the adenosine trip
let, the reaction could not be sensitized with acetone in acid 
medium, although the lowest lying triplet state of proton- 
ated adenosine is reached using acetone as a triplet 
donor.14

(5) In order to further characterize the intermediate 
transients, electron scavenging experiments with N2O, an 
efficient electron scavenger,15 were performed. Thus the 
concentration ratio of radicals generated under identical ir
radiation conditions in solutions saturated respectively 
with helium or N2O before freezing was 2.1 ±  0.2. This 
quenching effect identifies the free electron resulting from 
the photoionization of adenosine as a reactant, while an ad
ditional route such as energy transfer from the higher trip
let state of adenosine reached by the biphotonic absorption 
to the acid could also be involved.

We have analyzed theoretically the two suggested routes 
for the photodecarboxylation of an aliphatic acid. The dis
cussion is based on the bonding properties of extended 
Huckel (EH) wave functions16 o f acetic acid, chosen as a
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TABLE II: «(ft, l), Electronic Overlap Populations and 
An(fc, /), Differences Relative to M

0 . « ( 1 - 2) « ( 1 - 6 ) « (1 -7 ) « ( 1 - 8) n(2—3) « (2 -4 )

6

9
M 0.805 -0 .032

« ( fe , D 
-0 .032 —0.044 -0 .0 6 8  —0.050

M- 0.792 —0.051 —0.051 —0.044 -0 .0 68  -0 .0 50
£ 0 *  H5 M* 0.589 -0 .039 -0 .039 -0 .025 -0.031 -0 .031

M" -6 .013 -0.019
A«(fc, /) 

-0 .019 0 0 0
M* -0.216 -0.007 -0 .007 0.019 0.037 0.019

M 09IE=-I4 .25ev)

Figure 3. EH molecular orbitals of CH3COOH. MO 9 and MO 8 are 
respectively the highest occupied and the lowest unoccupied molec
ular orbitals.

model molecule. Mulliken electronic overlap populations17 
between bonded or nonbonded centers serve as a semi- 
quantitative measure of electronic interaction, of bond 
strength, and of reactivity.18-20 This approach has thus far 
given good results in analyses of electronic state sequences 
in the photoelectron spectra of diazabicyclo[2.2.2]octane18 
and of pyrazine19 and in the analysis of photocyclization re
activity of 1 ,2-diarylethylenes.20

MO 9 and MO 8, respectively the highest occupied and 
the lowest unoccupied molecular orbitals of CH3COOH, are 
illustrated in Figure 3. MO 9 is a per orbital strongly bond
ing between Ci and C2 and also between He, H7, and Hg 
and Ci. MO 8 is the highest energy p7r orbital of the COOH 
fragment, antibonding between Ci and both O3 and O4. In 
the region of interest this MO is weakly antibonding be
tween Ci and C2 but bonding between Ci and both He and 
H7. The two most likely reactive transients are either the 
molecular anion radical (M_ ) CH3COOH-  or the molecular 
first excited triplet state (M*). The electronic configura
tion of M-  is 1029281 while that of the neutral molecule M 
is 102928°. The most important configuration of M* is as
sumed to be 1029181. Considering the bonding properties of 
MO 9 and MO 8 it is obvious that the configuration of M* 
is susceptible to decarboxylation, since there is only one 
electron in the Ci-C2 bonding MO 9 of M*.

The electronic overlap populations for atom pairs ft and 
l, n(k,l), for the three configurations M, M~, and M* and 
the differences relative to M, e.g., An(ft,/)M* = n(k,l)m* — 
n{k,l)m are listed in Table II. The process M M_ results 
in an antibonding change in «(1,2), An = —0.013; at the 
same time the interactions between C! and H6 and H7 ac
quire a stronger antibonding character, An (1,6) + An (1,7) 
= —0.038. Thus in M-  the C1-C 2 bond is weaker than in M 
due to a decrease in n (l,2) and to more negative n (l,6) and 
n(l,7) values. The change in n(l,2) for the M* configura
tion An(l,2) = —0.216 is even larger than in the previous 
case. The total change in the Ci-H (He, H7, or H8) interac
tions is very small (0.005) and the total change in the C2-O  
interactions is 0.056. Though the change in the C2-O  inter

actions is positive its effect cannot possibly modify the pri
mary weakening due to the decrease in the C1-C 2 interac
tion for this configuration.

Thus, considerations based on MO calculations indicate 
that both the anion M_ and the excited state M* would 
show a weakening of the C1-C 2 bond which facilitates the 
decarboxylation.

Unfortunately this model does not enable a similar anal
ysis for amino acids. However, in this case21-23 the substan
tial experimental evidence leaves little doubt that the in
teraction between electrons and amino acids ends in deam
ination.

As described above the adenosine-sensitized cleavage 
may proceed through either electron photoejection or ener
gy transfer. Though both paths require a two-photon ab
sorption process this does not necessarily weaken the role 
that this chemical reaction might play in biological sys
tems. At room temperature, in the fluid media, the solva
tion energies of the electron and radical ions can supply the 
energy defficit for one-photon ionization,24 thus providing 
by a chemical reaction similar to that described a route for 
photochemical nucleic acid-protein interaction. The caf
feine-sensitized photocleavage of amino acids at room tem
perature4 supports such a possibility.
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Spectral changes associated with solvation of electrons in glassy (77 K) methanol, ethanol, and 1 - and 2- 
propanol have been studied from 10-6 to 102 s after a short pulse of ionizing radiation. Continuous changes 
are observed over this wide time range, except for the case of methanol, in which electron solvation appears 
to be nearly complete before 10“  7 s. The data indicate a very wide range of relaxation times for electron 
solvation in frozen alcohols. Techniques for data collection over a wide time range are described in the sup
plementary material.

This paper describes observation of electron solvation in 
frozen alcohols from 10-6 to 102 s after a pulse of ionizing 
radiation. The subject was studied earlier, on a much nar
rower time range.1,2 Very recently Klassen and co-workers 
studied ethanol out to 10_1 s.3 The present results show 
that the solvation processes in MeOH, EtOH, and the pro
panols are complex, with important rate components, 
which vary over at least eight orders of magnitude in some 
areas.

Experimental Section

Reagent grade alcohols or alcohol solutions were de
gassed and sealed in quartz cells as described previously. 
The sample cell was immersed in liquid nitrogen during the 
experiment also as described before.4 Clear, crack-free 
glasses were formed. The samples were placed in liquid ni
trogen at least 5 min before starting an experiment, be
cause tests with a thermocouple in the samples showed that 
it took about 4 min for the center of the sample to reach 77
K.

The Argonne Linac produced 4—40-nsec pulses of 13 ±  2 
MeV electrons, which entered the reaction cell in a direc
tion perpendicular to that of the analyzing light.

The optical system was carefully designed to minimize 
optical bleaching by the analyzing light, while maintaining 
time resolution. Details are given in the Appendix (avail
able as supplementary material, see paragraph at end of 
text regarding supplementary material). The effect of the 
analyzing light on absorbance changes in ethanol at 77 K 
was checked. With the analyzing light intensity reduced a 
factor of 4.5 the growth of absorbance at 550 nm and the 
decay at 800 nm were unchanged within experimental un
certainty, which was 5% of the observed absorption changes 
at these wavelengths.

One of the purposes of this paper is to describe methods 
for recording spectrophotometric data over eight orders of 
magnitude change in time after a radiation pulse. Two 
methods have been used. One method used pulsed un
blanking of an oscilloscope at a number of trigger delays 
spaced logarithmically in time after the radiation pulse. 
The oscilloscope photograph obtained consists of a series of 
dots rather than a continuous line.

In the second method the data are digitized by a Bioma- 
tion 8100 transient recorder under active control of the

Chemistry Division’s Sigma 5 computer. Both of these 
methods are described, with illustrations of raw data, in the 
supplementary material. Other general information about 
experimental'techniques is also given there.

Results

Ethanol. The absorbance as a function of time at several 
wavelengths in EtOH at 77 K is shown in Figure 1. The 
spectral changes occur over a very wide range of relaxation 
times extending from at least 10-7  to 102 s. The initial ab
sorption spectrum increases toward the infrared and is sim
ilar to initial spectra reported by Richards and Thomas1 
and by Kevan,2 and to the spectrum observed after y radi
olysis at 4 K.5_ ' The absorbance increases with time at 
short wavelengths, and decreases at long wavelengths. At 
intermediate wavelengths (650 and 750 nm) the absorbance 
first increases and then decreases.

Recently Klassen and co-workers have made similar 
measurements in EtOH. Their use of an InAs detector al
lowed observation of the maximum of the initial (10-7  s) 
spectrum near 1300 nm. The present results are in com
plete accord with those of Klassen and co-workers, includ
ing the observation that spectrum develops much more 
slowly than indicated in ref 1 and 2.

Methanol. The absorption spectrum in MeOH (contain
ing 5% ethylene glycol to prevent crystallization) is almost 
fully developed at the time of our earliest observations 
(10—7 to 10~6 s). Observations using standard pulse radioly
sis equipment showed that the absorption at 550 nm was 
almost full developed at 10 ns.8 Electrons are solvated at 
very short times in glassy MeOH. This correlates with the 
observation that spectrum of trapped electrons in '/-irradi
ated methanol at 4 K is similar to the spectrum at 77 K.5 
Figure 2 is plotted to show the similarity of absorption 
changes in MeOH from 10“ ' to 10~4 s to those in EtOH 
from 10~2 to 102 s. This comparison suggests that electron 
solvation in MeOH is similar to that in EtOH, but 10s 
times faster. While this comparison should not be taken too 
seriously, the spectral changes observed for EtOH in the 
microsecond region may be similar to those for MeOH in 
the picosecond region.

1- and 2-Propanol. Figures 3 and 4 show the changes of 
absorption observed in 1-propanol and 2-propanol. The 
changes in 2-propanol are somewhat similar to those in
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Figure 1. Absorbance of trapped electrons as a function of time fol
lowing pulse radiolysis if ethanol glass at 77 K. The several wave
lengths are indicated in nanometers. Because the absorbances are 
smaller in ethanol, the absorbance scale here is expanded 1.4 times 
relative to that for methanol (Figure 2). The origin in represents zero 
absorbance in all of the figures.

Figure 2. Absorbance as a function of time in methanol glass (+5%  
ethylene glycol to prevent crystallization) at 77 K at 400, 550, 750, 
and 900 nm. The dashed lines show absorbance changes In ethanol 
glass (400, 550, 750, and 950 nm) shifted a factor 10-5 in time. 
Comparison is suggestive that the absorbance changes in MeOH 
glass are similar to those in EtOH glass, but 105 times faster.

EtOH, but are spread over a greater range of time and 
shifted to longer times. The absorption at 550 nm appears, 
on the logarithmic time scale, to start slowly and to speed 
up its growth in the millisecond time region.

In 1-propanol the behavior is different. The initial (10~ 6 

s) absorption at short wavelengths is greater for 1 -propanol 
than for 2 -propanol, but there is little growth of the ab
sorption at any wavelength. This seems difficult to under
stand in comparison to 2 -propanol, because while 1 -propa
nol shows less growth at short wavelengths (400-600 nm), it 
shows more decay at long wavelengths (750-950 nm).

Discussion

The experimental findings reported here may be summa
rized as follows. (1) Electron solvation proceeds logarithmi
cally with time over several orders of magnitude change in 
time in ethanol and propanol glasses at 77 K. (2 ) The solva
tion process is so fast in MeOH glass that it is nearly com
plete in l ( r 6 s. The kinetics after 10- 6  s are very similar to

Figure 3. Absorbance as a function of time following pulse radioly- 
sls of 1-propanol glass at 77 K. The absorbance scale is expanded 
1.8 times relative to that for methanol (Figure 2).

Figure 4. Absorbance as a function of time in 2-propanol glass at 77 
K. The absorbance scale is expanded 1.8 times relative to that for 
methanol (Figure 2).

those in EtOH after 10- 1  s. (3) The absorbance first in
creases and then decreases at intermediate wavelengths 
(650-850 nm) in ethanol and 2-propanol.

The presently available experimental data are not suffi
cient to specify the mechanism of the spectral shift. The 
data are consistent with the conclusion of Kevan2 that the 
spectral shifts result from deepening of traps by gradual re
orientation of solvent molecules around the trapped elec
trons, rather than by migration of electrons from shallow to 
deeper preexisting traps. The slower spectral changes in 
matrices composed of larger molecules are consistent with 
the molecular reorientation mechanism. Richards and 
Thomas1 suggested that reorientation of the solvent mole
cules is probably driven by the strong electric field near the 
electron. The large range of relaxation times observed here 
may be due, in part, to different field strengths seen by sol
vent molecules at different distances from the electron. 
This would imply that each electron is solvated in stages, 
which is consistent with the rise and fall of absorption at 
intermediate wavelengths.

The increase and decrease cannot be accounted for by 
assuming that there are only two configurations for each 
electron, for this would predict the absorbance at each
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wavelength would be monotonically increasing or decreas
ing. Thus the spectra at intermediate times might be more 
accurately described as belonging to metastable intermedi
ate configurations rather than to weighted sums of spectra 
from two extremes of shallow and deep traps. These inter
mediate configurations appear to be absent or very short 
lived in liquid ethanol near the freezing point. Baxendale 
and Wardman9 observed an “ end of pulse” (ca. 5 ns) spec
trum in ethanol at 160 K which showed a minimum at 
about 1000 nm. Such a minimum is not indicated in etha
nol glass at 77 K  either in the work of Klassen3 or in the 
present work.

S u p p le m e n t a r y  M a t e r i a l  A v a i la b le :  an Appendix of ex-

perimental details (8  pages). Ordering information is given 
on any current masthead page.
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The behavior of n- and p-Si as electrodes for the reduction and oxidation of several redox systems (e.g., 
benzonitrile, 9,10-d;phenylanthracene, anthraquinone, benzoquinone) in acetonitrile solutions in the dark 
and under illumination was investigated. The results were correlated with the relative energy levels of the 
valence and conduction bands of the semiconductor and those of the redox couples in solution, estimated 
by determination of the flat-band potential of the semiconductor-solution system by photopotential meth
ods. The electrode behavior of Si strongly depended upon the electrode pretreatment and the absence of 
ideal semiconductor electrode behavior for this relatively small band gap material suggests the importance 
of surface states and breakdown phenomena for these electrodes. A unique electrogenerated chemilumines
cence (ECL) experiment with a p-Si electrode is described.

Introduction
Although nonaqueous solutions offer many advantages 

in carrying out and understanding simple electrochemical 
processes (for example, an extended range of available po
tentials, the availability of numerous reversible one-elec
tron transfer reactions without kinetic complications, and 
fewer difficulties with surface phenomena) only a few stud
ies have been made with semiconductor electrodes in these 
media. Krotova and Pleskov1 determined the capacitance 
of a Ge electrode in JV.TV-dimethylformamide (DMF), while 
Mark and Pons2 qualitatively performed a reductive elec
trolysis at a Ge internal reflection plate. Acetonitrile 
(ACN) solutions were employed by Osa and Kuwana3 with 
highly doped SnC>2 transparent electrodes and by 
Landsberg and coworkers4 with n-type GaP. A previous 
paper in this series5 dealt with the behavior of n-type TiC>2, 
a wide band gap semiconductor (sc), in ACN. This paper is 
concerned with the electrochemical properties of Si, a small 
band gap (1.1 eV) sc, and a comparison of the behavior of 
several redox systems at Pt, n-, and p-Si in ACN solutions, 
in the dark and under illumination.

General and detailed treatments of sc electrochemistry 
have been given by Myamlin and Pleskov6 and Gerisch- 
er,7 ’8 as well as in numerous papers on the properties of 
specific sc materials.9" 16 The picture which emerges for far- 
adaic processes shows three main differences between 
metal and sc electrodes. These differences occur because 
for sc electrodes:

(a) The heterogeneous reaction rate (i.e., the exchange 
current) depends upon the relative energy (or redox poten
tial) of the redox reaction and the energy levels of the sc 
bands. If a redox couple is represented by some Gaussian 
energy distribution function of electron acceptor levels (ox
idized forms) and donor levels (reduced forms) in solution, 
equi-energetic charge transfer between the sc band at the 
surface and levels in solution requires a favorable overlap 
between these levels. 17 The exchange current depends 
upon this overall overlap, and thus on the relative position 
of the levels, the number of sc free carriers available for ex
change, and the concentration of electroactive species in 
solution at the redox couple’s equilibrium potential (ther
modynamically independent of electrode material). For a
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small band gap sc, there may be overlap of a redox couple 
with both the conduction and valence bands so that there 
may be contributions to the exchange current from both 
bands.7 Experimentally a low exchange current will mean 
that even when the electrode potential is shifted from equi
librium the charge transfer reaction will still be slow and ir
reversible.

(b) The total applied overvoltage may not be effective in 
changing the potential drop between sc surface and solu
tion. The kinetic stimulation of the electrochemical reac
tion by changing the activation energy of the preelectrode 
state in solution will be prevented, if the change in the ap
plied potential does not change the value of the potential 
drop in the Helmholtz layer at the sc-electrolyte interface. 
In the case of a sc, unlike a metal, most of the applied over
voltage contributes to changes in the potential barrier in 
the space charge region and in the population of free car
riers in it, so that the influence of the potential on electrode 
kinetics can be attributed to this effect. This is the usual 
situation at a sc unless a high density of surface states ex
ists or a condition of high degeneracy prevails.7

(c) The current may be limited by the supply of free car
riers. In contrast to metal electrodes, whenever minority 
carriers participate in the electrochemical process, the re
action rate may be limited by their rate of supply to the 
electrode-electrolyte interface. Minority carriers which are 
consumed may be resupplied to the surface by diffusion 
from the bulk through the quasineutral region,6 generated 
in the space charge region18 or at the surface, 19 usually 
leading, in a moderately doped sc, to very small currents. 
When mass transfer in solution is not a constraining factor, 
minority carrier participation in the electrochemical reac
tion will be characterized by a limiting current.

Other mechanisms of carrier production and transfer, 
such as intraband tunneling,20 space charge region ioniza
tion, 21 and photogeneration must be considered as well. 
The organic systems employed allowed us to subject the Si 
electrodes to various conditions which are unacceptable in 
water so that its behavior could be interpreted according to 
the considerations discussed above. Electrode reactions in
volving the electrode material itself (i.e., anodic dissolu
tion) were avoided, however.

Experim ental Section

Si single crystals were mounted in a glass tube using sili
cone rubber adhesive (General Electric) which was found 
to be resistant to ACN and which insulated all electrode 
parts except the area exposed to solution. Electro deposited 
nickel provided ohmic contact to the n-material and ther
mally deposited gold (Hanovia Liquid Gold, Engelhard,
N. Y.) was used for the p-type. Two samples of each type 
were used: 5 ohm cm (211 plane exposed to solution) and 1 
ohm cm (100) for the n-type and 0.05 ohm cm (211) and a t  
5 to 10 ohm cm (1 1 1 ) for the p-type. The doping levels were 
all in the range of about 1 0 15- 1 0 18 cm-3; the dopants were 
boron and phosphorous. Although the electrode surfaces 
were visually different, there was no difference between the 
sample of each type in the electrochemical behavior within 
the usual experimental reproducibility unless otherwise 
specified. The low resistance materials (n, 1 ohm cm; p,
O. 05 ohm cm) (kindly donated by Texas Instruments, Dal
las, Tx.) were received polished to a high mirror finish and 
were not wet by water. The other two samples had a hazy 
gray appearance, even after mechanical polishing. The 
usual pretreatment for the electrodes involved etching

them in an HF-HNO 3 mixture followed by drying in an 
oven prior to use. The n-type visually seemed to be little 
affected by a 2 min etching, while the p-type 5 ohm cm sur
face became somewhat duller and the 0.05 ohm cm p-type 
sample dissolved vigorously with black, patches of amor
phous Si22 peeling off. Mechanical polishing with 0.3-n  alu
mina which was not followed by etching, although resulting 
in a visually smoother surface always led to. a more active 
electrode. The behavior in this case resembled that of a 
metal electrode, especially when the sc was first used. 
Whenever changes in electrode behavior were observed 
during this work, the results .obtained immediately aft.gr 
etching were taken to represent the electrode behavior, 
since these results were the most reproducible.

An Ag wire immersed in 0.01 M AgNC>3 in ACN, sepa
rated from the main solution by a porous Vycor (Corning) 
plug served as a reference electrode and all of the poten
tials are reported with respect to this reference. Its value 
vs. an aqueous SCE in ACN is about +0.3 V. This electrode 
was found to be very stable and reliable. No leakage of Ag+ 
into the main solution was detected. A coiled platinum wire 
in a separate compartment was used as the auxiliary elec
trode.

All reagents and ACN were purified according to known 
procedures.23 A vacuum-tight Pyrex cell equipped with a 
flat window facing the electrode surface contained the solu
tion and electrode assembly. Solutions were prepared and 
the cell filled in a Vacuum Atmospheres Corporation dry- 
box (Hawthorne, Calif.) under a helium atmosphere.

All measurements utilized the three-electrode potentio- 
static mode, employing a Princeton Applied Research 
(PAR) Model 173 potentiostat, a PAR Model 175 program
mer and a Model 2000 X -Y  recorder (Houston Instrument 
Company, Austin, Tex.). To overcome the electrode bulk 
resistance and solution resistance, positive feedback resis
tance compensation was employed. In order not to over
compensate (e.g., because of the formation of a depletion 
layer, see Results) the amount of maximum compensation 
was determined either under a condition which led to sc 
degeneracy or when the electrode was illuminated, i.e., 
under conditions when the resistive element of the space 
charge region was minimized. Impedance measurements 
were performed by superimposing a 10-mV sine wave on a 
potential scan of 0.5 V/s. The in- and out-of-phase compo
nents of the current were separated by a PAR Model HR-8  

lock-in amplifier. The instantaneous photopotential was 
measured with 0.5-ms strobe light pulses used for illumina
tion.

The working electrode was biased against the auxiliary 
one with a power supply and its potential change vs. the 
reference electrode was displayed on an oscilloscope. A 
500-W tungsten lamp equipped with an Esco 4811-0 3-mm 
red glass filter was used as the light source. For eel mea
surements a photomultiplier detector was used, with its 
input filtered by an Esco-3-mm blue glass filter, so that the 
blue light could be detected in the presence of the red 
background illumination.

Results and Discussion

U s e fu l  W o r k in g  R a n g e . Figure 1  depicts most of the use
ful working range of the Si electrodes in ACN-0.1 M TBAP 
compared to the range of the same samples in aqueous 
(20% HF) solutions. This range in ACN extends over an in
terval twice as wide as the Si band gap; the flat band poten
tial of the n-Si, as will be shown later, lies at about the mid-
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Figure 1. Background current, (a) ACN, 0.1 M TBAP (cathodic limit 
only); (b) aqueous, 20% HF. (1) Pt electrode; (2) n-Si, 5 ohm cm; (3) 
p-Si, 10 ohm cm. Dashed line shows effect of illumination.

die of this range. Potentials positive of 0 V were avoided so 
as not to subject the electrodes to electrochemical condi
tions which might drastically change their surface proper
ties (dissolution, passivation, etc.). Little difference was 
found between the n- and p-type samples and between 
both of them and P t for the cathodic background reduction 
process (in the dark) compared to the clear difference seen 
in water. Under irradiation, the background current on 
p-Si was shifted to potentials positive of where background 
reduction occurs at a P t electrode. The n-type electrode is 
unaffected by illumination in this potential region.

F l a t  B a n d  P o te n t ia l .  The importance of this variable 
has been discussed elsewhere.24 For an extrinsic sc the flat 
band potential, Vfb, closely represents the location of the 
majority carrier energy band in the bulk sc if the potential 
drop in the Helmholtz layer can be neglected. Vfb is needed 
so that the position of the sc bands and the energy levels in 
solution can be located with respect to one another on a 
common relative scale (e.g., with respect to a given refer
ence electrode). Knowledge of the relative energy positions 
allows one to estimate the exchange current and to have an 
idea about which band will be involved in the charge trans
fer. Moreover, by knowing Vfb the “ electrical state” of the 
sc (i.e., the carrier and potential distributions in the space 
charge region) at some other applied electrode potentials 
can be predicted.

Thus for an intrinsic sc the nature of its electrical states 
is symmetric with respect to Vfb, and for a small amount of 
band bending and in the absence of surface states, changes 
of applied potential hardly affect the potential drop in the 
Helmholtz layer. For a moderately doped sc (e.g., n-type) 
the electrical behavior is asymmetric with respect to Vfb- 
Degeneracy will occur following formation of a slight accu
mulation layer (e.g., upon negative polarization) when the 
concentration of majority carriers (e.g., electrons) in the 
space charge region approaches the effective density of 
states of the corresponding band (e.g., conduction band). 
On the other hand inversion and depletion layers25 form 
over a much wider range of applied potentials (e.g., upon 
positive polarization). Hence a knowledge of Vfb is neces

sary for an understanding of the effect of the imposed over
potential on electrode kinetics.

The flat band potentials were estimated by observing 
photoeffects caused by electrode illumination on electrode 
potentials and on electrode impedance. In the first method, 
the instantaneous perturbation in the equilibrium poten
tial of the electrode due to illumination is minimized at the 
flat band position26 (in the absence of fast surface states). 
The second method is based on the detection of the elec
trode potential at which a depletion layer begins to form 
when the sc bias (electrode potential) is increased in the 
appropriate direction from Vfb- Let us consider this second 
method in more detail. The sc impedance can be represent
ed b y  a complex network of idealized passive elements. 27 

The Vfb value can often be determined by measurement of 
the C sc, the space charge capacitance as a function of po
tential (Shottky-M ott plot) .6 However our measurements 
of the dark in- and out-of-phase current components re
sulting from a 10-mV sine wave superimposed on a 0.5 V/s 
dc scan, could not be interpreted in a unique and meaning
ful way so as to obtain Vfb. However, we noticed that the 
resistive component of the impedance monotonically in
creases from a certain potential in the dark and is de
creased to a constant level under electrode illumination 
(Figure 2 ). No faradaic current is detected at these poten
tials (even under electrode illumination), thus no shunting 
of the sc resistive elements is provided by the light. The 
capacitive component changes in a more complex way with 
electrode illumination but the relative magnitude of this 
change is much smaller. Although no arbitrary separation 
between the components is possible, we feel that the fol
lowing interpretation of this effect allows estimation of Vfb. 
The monotonic increase of the resistive component with 
potential in the dark mainly reflects the formation of a de
pletion layer consisting of immobile charge in the space 
charge region. Electrode illumination, by forming free mo
bile carriers, eliminates this resistance. Thus the position 
of Vfb can be taken as the point where the dark resistive 
component deviates from that under illumination. Because 
all of the samples were fairly thick (1 - 2  mm), light effects 
that could arise at the ohmic metal-sc contact were avoid
ed.

Since the resistive component varies approximately with 
the square root of potential in the dark, as expected from 
the variation of depletion layer width with potential,28 and 
p- and n-type samples show symmetric behavior and yield 
an estimated band gap near the known value for Si, the 
above treatment is at least approximately correct. More
over the n-type Si Vfb value coincides with that obtained 
by the photovoltage method. A related method which could 
provide similar information about the resistance variation 
under illumination involves surface conductivity measure
ments. Within the reproducibility of the measurement and 
the nature of the assumptions we place Vfb for n-type Si at 
— 1.20 ± 0.15 V and that for p-type Si at —0.10 ± 0.15 V, in
dependent of the doping level.

R e la t iv e  s c - S o lu t io n  E n e r g y  L e v e ls . The energy levels in 
solution for a certain redox couple are identified closely 
with its standard electrode potential17 and were deter
mined by using cyclic voltammetry at a Pt electrode, where 
all couples showed reversible, one-electron waves. The mid
point between the cathodic ( E pc) and anodic (£pa) peak po
tentials was taken as the standard potential of the sys
tem .29 Figure 3 is a schematic representation of the relative 
energy positions of the sc bands and the systems employed,
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Figure 2. (a) Instantaneous photopotential at n-Si, 5 ohm cm; (b) re
sistive component of electrode impedance, p-Si 10 ohm cm; (c) re
sistive component of electrode impedance, n-Si, 5 ohm cm. For b 
and c dashed line, .witl>Blectrode illumination; 4000 Hz, 10 mV sine 
wave; lock-in amplifier time constant, 1 ms. Arrows show estimated 
flat band potentials.
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Figure 3. Schematic energy relation between Si bands and redox 
couples in ACN-0.1 M TBAP solution: TMPD, W.A/.W'W'-tetramethyl- 
p-phenylenediamine; BQ, p-benzoquinone; AQ, 9,10-anthraquinone, 
Ru2+, Ru(bpy)3(CI0 4 )2; BZN, benzonitrile; DPA, 9,10-diphenylanthra- 
cene.

bzh.pph/ bpiu

BmVRu

*q/*q-
bq/ bq-t

/ / / / / / / / / /  f c

tmppVtmpd
WWWWWW

based on the measurements to be described. The acceptor 
(oxidized form) levels are supposed to have a Gaussian dis
tribution of width A which equals the difference in the oxi
dized and reduced form solvation energy, positioned A/2 eV 
above the horizontal line representing the level, while the 
donor levels of the same shape are positioned A/2 eV 
below. 17 Since A, which is at least 0.5 to 1 eV, is comparable 
to the band gap cf Si (1.1 eV), a fair amount of overlap is 
expected between the sc bands and levels in solution even 
for levels positioned in the gap region. Under these condi
tions contribution of both sc bands to the exchange current 
can occur.

n - T y p e  S i. The system with the most negative standard 
potential, E s, investigated was benzonitrile (BZN), which 
undergoes a reversible reduction at a P t electrode in ACN. 
During the reduct.on of such a system, with an E a so nega
tive of Vfb that it is located well within the conduction 
band (cb), the sc properties of the n-type electrode are sup

pressed. Degeneracy prevails and the Helmholtz potential 
drop at the sc-solution interface may be modulated so that 
metallic behavior is expected with only a small degree of ir
reversibility (Figure 4). Very similar behavior is exhibited 
by another negative system, DPA| DPA-“ (where DPA is
9,10-diphenylanthracene). For systems with somewhat 
more positive E s values but those still negative of the n-Si 
Vfb one expects that both reduction and reoxidation of the 
reduced species will occur through the cb. The reduction 
will be stimulated by the applied overpotential either 
through electrons accumulating in the cb, yielding an ap
parent transfer coefficient of l ,30 or, as before, through 
modulation of the Helmholtz potential because of degener
acy. For the concentrations (1-10 mM) employed here 
mass transfer in solution governs the reaction rate. The re
oxidation, however, should be influenced less by a positive 
overvoltage, if the potential and population in the space 
charge region are modulated, because the number of free 
vacancies in the cb which accept electrons in the reoxida
tion process are nearly independent of potential. The three 
successive reductions and reoxidations of the chelate Ru- 
(bpy)3(ClC>4)2 (bpy = bipyridyl) 31 are an example of this 
case (Figure 5). The reason for the broadening of the third 
wave is unclear. The reoxidation of the +1 to the +2 
species is sluggish and fails to produce a definite current 
peak. The cyclic voltammetry of anthraquinone (AQ) at Pt 
and n-Si is shown in Figure 6 . The reduction to the radical 
anion, AQ*- , occurs at P t at —1.3 V, a potential just slightly 
negative of Vfb of n-Si. Thus while the cb is almost certain
ly involved in the reduction process, there is also the possi
bility of some overlap between solution levels and the va
lence band (vb). The reduction of AQ at n-Si occurs with 
an E pc 0.1-0.2 V more negative than that at Pt, suggesting 
that a slight accumulation layer must be formed in the 
space charge region before reduction occurs. Both cb and 
vb are candidates for the oxidation of AQ-“  but participa
tion by the vb requires hole injection into solution and a 
rough calculation of the maximum supply of minority car
riers based on estimated diffusion and hole generation 
rates predicts that this dark vb oxidation route is negligi
ble. A small, but definite, oxidation current for AQ-“  is ob
served with some anodic overpotential compared to Pt; this 
anodic current increases significantly when the electrode is 
illuminated. Thus, in addition to an inefficient route for 
AQ-“ oxidation involving the cb or surface states near it, 
photosensitized oxidation via the vb is possible. In this case 
a sufficiently high electric field has to be formed in the 
space charge region (i.e., depletion layer formation) for the 
separation of the photogenerated carriers to occur, thus 
preventing electron-hole recombination. To observe the 
photoeffect the electrode potential must be sufficiently 
positive; thus the oxidation, even under illumination, oc
curs with some anodic overpotential.

p-Benzoquinone (BQ) shows similar behavior. The redox 
potential of this system at Pt is —0.85 V, positive of the 
n-Si Vfb- For this system a very pronounced negative over
potential is found compared to Pt, so that the reduction of 
BQ and AQ (=i0.4 V more negative on Pt) nearly coincide 
at n-Si. Indeed, the BQ reduction, if carried out via the cb, 
will not occur as long as the sc space charge region is in a 
depletion situation; only at an electrode potential where ac
cumulation of electrons in the space charge region takes 
place, will BQ be reduced, and thermodynamically these 
potentials allow the reduction of AQ as well. As concerns 
the oxidation of BQ-“ , again a photoeffect was found, thus
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Figure 4. Current-voltage curve of 50 mM BZN in ACN-0.1 M 
TBAP: (a) Pt electrode; (b) n-Si, 5 ohm cm; (c) p-Si, 10 ohm cm. 
Dashed line, with electrode illumination. Potential scan rate, 50 
mV/s.

Figure 5. Cyclic voltammetry of 5 mM of Ru(bpy>32+ in ACN-0.1 M 
TBAP: (a) Pt electrode; dashed line, “activated” p-Si 0.05 ohm cm 
(see text); (b) n-Si, 1 ohm cm; (c) p-Si, 10 ohm cm dcshed line, with 
electrode illumination. Potential scan rate, 50 mV/s.

demonstrating participation of the vb. In the dark, irrepro- 
ducible behavior was found which was dependent on the 
electrode pretreatment. Sometimes no perceptible anodic 
current was observed and sometimes a small but definite

i--------1--------1--------1____ l____ I____ I_____o______^  -to -2.0 -3.0
m t e it ih /  »

Figure 6. Cyclic voltammetry of 20 mM AQ in ACN-0.1 M TBAP: (a) 
Pt electrode; (b) n-Si, 5 ohm cm. Dotted line, scan continuation to 
more cathodic potentials; dashed line, with electrode illumination. 
Potential scan rate, 50 mV/s.

current, as for AQ-~ oxidation, appeared. The energy distri
bution for BQ-_ is less favorable for overlap with the cb, 
thus direct electron transfer to cb, as for AQ-~, will proba
bly be very ineffective. However, an indirect route for 
transferring an electron to the cb in the bulk via surface 
states (which will be positioned at this high surface band 
bending above the energy of the conduction band in bulk 
and hence will be capable of bringing trapped electrons 
from solution to the conduction band) may still be opera
tive. The sensitivity of the electrode behavior to surface 
pretreatment implies such an involvement of surface 
states.

The most positive system investigated was TMPD-+| 
TM PD (where TM PD is A^A^Af'.Af'-tetramethyl-p-pheny- 
lenediamine). A solution containing TM PD and TMPD-+ 
in equimolar amounts was prepared by bulk coulometric 
oxidation of TM PD at a Pt electrode. From its redox po
tential at a Pt electrode (Figure 7a) of -0 .2 5  V compared 
with Vfb of n-Si, this sytem is expected to interact mainly 
with the vb, i.e., the solution energy level distribution of 
TM PD  mostly overlaps with the vb while that of TM PD-+ 
also overlaps the lower part of the band gap. Reduction of 
TM PD-+ at n-Si (Figure 7b) occurs with E pc of —0.7 V and 
shows only a very small associated anodic current on rever
sal. When the electrode is illuminated, however, a limiting 
anodic photocurrent, proportional to light intensity, is ob
served on scan reversal corresponding to TM PD oxidation, 
and the cathodic current is increased on the next scan be
cause of the higher concentration of TMPD-+ now in the 
vicinity of the electrode. A discussion of the mechanism of 
these redox reactions on n-Si will be given after the behav
ior of p-Si is described.

p - T y p e  S i. Since the relative location of the energy lev
els in solution and for the p-Si should be essentially the 
same as for n-Si (as implied in Figure 3), all reductions 
which proceed primarily via the cb for n-Si (i.e., all com
pounds other than TMPD-+) would be expected to occur 
also via the cb in p-Si and hence be limited by the minority 
carrier supply at the electrode surface. Under these circum
stances very small cathodic currents might be expected. In
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Figure 7. Cyclic voltammetry of TMPD-+| TMPD mixture (ca. 1:1) In 
ACN-0.1 M TBAP: (a) R  electrode: (b) n-Si, 5 ohm cm; dashed line, 
with electrode illumination; (c) p-type, 10 ohm cm; dashed line, with 
electrode illumination. Potential scan rate, 50 mV/s.

fact, however, all of the couples showed significant cathodic 
currents at p-Si with the i - E  curves shifted toward nega
tive potentials compared to the behavior on n-Si (Figures 1 , 
4, and 5). At electronic equilibrium the surface concentra
tion of electrons in the p-Si should be the same as that for 
n-Si at the same electrode potential (e.g., E s of 
Ru(bpy)32+). Thus the exchange current for the reduction 
process, which depends upon surface concentrations of 
electrons and oxidized species, should be the same on both 
n- and p-type material.8 However whereas for n-Si the elec
trons are the majority carrier and can be supplied by the 
usual conduction process in the sc, for p-Si the supply of 
electrons, the minority carriers, will be limited by their rate 
of supply to the surface. Neither diffusion of electrons 
through the quasineutral region6 nor pair generation in the 
space charge region18 seems to be sufficiently rapid to pro
vide electrons at the milliamp current level. For these com
pounds the origin of electrons consumed in the reduction at 
the p-type electrode is the vb and we feel that the mecha
nism by which they arrive at the surface is related to the 
extreme band bending which occurs at this electrode under 
the reduction conditions. Consider, for example, the first 
reduction of Ru(bpy)32+ observed at about —1.65 V  (at Pt). 
When the electrode is subjected to this electrode potential, 
which is more than the band gap energy beyond the p-Si 
Vfb in the depletion direction, enormous band bending at 
the surface will take place. It is possible under these condi
tions that the band gap region, or even the edge of the cb, 
at the surface will be at the same or even below the energy 
of the vb in the bulk sc. Then, especially for the highly 
doped Si, where the potential barrier is narrow, direct 
transfer of electrons across the space charge region from 
the vb to a surface level in the gap or to the edge of the cb 
may be possible. Different mechanisms for a related phe
nomenon, the supply of holes (minority carriers) to the sur
face of an n-type sc, have been considered.21 The intraband 
electron exchange on highly doped n-ZnO has also recently

been described.32 Two experimental findings support this 
mechanism, (a) Reduction of these compounds at p-Si oc
curred at potentials very negative of Vfb so that large band 
bending and high potential barriers were established. BQ 
reduction on p-Si occurs at about the same potentials as at 
the n-type (ca. —1.4 V), quite negative of the potential 'at. 
Pt (—0.85 V). For n-Si this overpotential probably arises 
from the necessity of forming an accumulation layer-, in the 
space charge region, while for p-Si this overpotential repre
sents the amount of band bending and surface field needed 
for this effect to occur, (b) After vigorous etching the 0.05 
ohm cm p-type electrode sometimes behaved like an “ acti
vated electrode” whose surface consisted mainly of black 
patches of amorphous silicon22 and whose behavior resem
bled that of a metal electrode for reductions much more 
than any of the n-type electrodes employed (Figure 5a). In
deed, tunneling and related phenomena are expected to be 
most pronounced for a heavily-doped electrode, because 
the depletion layer width, and hence the barrier width for 
tunneling, are inversely proportional to the square root of 
the majority carrier concentration in the bulk. In all cases 
the reductions are promoted by illumination of the p-Si 
electrode (Figures 1, 4, 5, 7). These photoeffects will be dis
cussed in the next section. Oxidations of the reduced forms 
at p-Si show similar behavior to that found with n-Si for 
those compounds showing electron transfer mainly with 
the cb (BZN, Ru(bpy)32+). For AQ and BQ oxidation can 
also occur in the dark at p-Si, since majority carrier (hole) 
injection is involved.

For the TMPD-+| TM PD system, as discussed for n-Si, 
overlap is apparently mainly with the vb. For p-Si, where 
holes are available, oxidation of TM PD observed in the 
dark is enhanced by the applied potential either by hole ac
cumulation in the space charge region or by changes in the 
Helmholtz potential drop in solution (Figure 7d). A  small 
cathodic current is observed at p-Si for TM PD-+ reduction 
in the dark, which is greatly enhanced under illumination. 
A reduction occurring via the vb should be relatively inde
pendent of potential if the potential drop in the Helmholtz 
layer remains unchanged. This behavior is found with p-Si 
(Figure 7d) but not with n-Si (Figure 7b). For the p-Si the 
reduction is occurring near its Vfb, while for n-Si the poten
tial is quite positive of its Vfb so that large band bending 
occurs and perhaps results in a change in the potential 
drop in the Helmholtz layer. The reduction current peak 
obtained for the n-Si can also result from reduction via sur
face states. Such surface states, which have been shown to 
exist in the Si band gap, 15 ’33’34 are vacant at extreme anodic 
electrode potentials, but are gradually populated during a 
potential scan in a negative direction. These states may 
then transfer electrons to the reducible form. In this case, 
the potential dependence of the current will reflect the oc
cupation statistics of these states. Such an effect was found 
for T i0 2,5 a wide bandgap n-type sc for the reduction of 
systems located within the band gap region. A reduction of 
BQ limited by diffusion in solution and occurring with par
ticipation of the vb was also observed for the small band 
gap electrode, n-type Ge.9

P h o to e ffe c ts  a t  th e  p - S i  E le c tro d e . Illumination of p-Si 
with light of energy greater than that of the band gap (e.g., 
red light) excites electrons to the cb and promotes direct 
reduction through this band. Only some particular nuances 
of this well-known photoeffect,35 i.e., those characteristic to 
this system, will be discussed here. The photoeffect was ob
served for all reducible couples employed. Even when the
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reduction occurs via the vb (i.e., for TMPD-+) light pro
vides more efficient reduction, although in this, case the 
electrode is subjected to potentials only slightly negative of 
Vfb, so that a strong depletion layer has not formed and the 
“ electrical state”  of the sc is not very favorable for the ob- 

. servation of a photoeffect. The impossibility of an isoener- 
■ getic electron transfer directly from the cb to the TMPD-+ 
may require the existence of some energy states (e.g., sur
face states) within the gap which are filled by transfer from 
the cb before the .transfer. Another possibility is that now, 
as in the dark, TMPD-+ reduction occurs exclusively via 
the vb, but that modulation of the Helmholtz potential 
drop in solution takes.place at an illuminated sc electrode, 
because the extent of the sc surface band bending dimin
ishes under illumination, as is observed in the usual photo
potential effect,35 and this enhances the reduction rate. 
The photoreduction occurs with an ‘hmderpotential” (Fig
ures 1, 4, 5c), i.e., the reduction process takes place at the 
illuminated p-type Si electrode at less negative potentials 
than at a Pt electrode where its reduction is nernstian. This 
phenomenon has been observed at other sc electrodes36-38 

and very generally may be useful for utilizing light energy 
for driving an electrochemical reaction with a smaller (or 
no) electrical energy input. Under certain conditions the 
photoreduction appears to be selective, i.e., the potential 
sequence in which some of the consecutive photoreductions 
occur follows their order at a P t electrode, although all are 
shifted in a positive direction (Table I). This is a special 
feature of the photoeffect at low band gap sc electrodes 
(whenever the background allows differentiation) in con
trast to the nonselective photooxidations frequently ob
served at large band gap electrodes.37

Any oxidized form that at a certain electrode potential 
will be located at an energy position higher (more negative) 
than the sc cb in the bulk, where this relative energy loca
tion can be controlled by the applied potential in the same 
way as for a metal electrode, will not be reduced by a pho
togenerated electron in the cb. At a large band gap (e.g., 3 
eV) sc, wherever the electrode potential enables the photo
process to occur, more systems will be located within the 
bulk energy interval of the sc bandgap and they will all un
dergo photosensitized charge transfer at about the same 
potential, that where a sufficient depletion layer is estab
lished. Usually no limiting current proportional to light in
tensity is found. The reason for this seems to be that the 
reduction also proceeds in the dark via the breakdown 
mechanism discussed before. Thus a limiting current re
sulting from the rate of photogeneration of electrons will be 
partially masked by this dark background current. More
over even if the breakdown phenomenon is greatly sup
pressed by light, because the establishment of high surface 
band bending is prevented in the presence of light, the con
centration range employed (1-10 mM) is such that mass 
transfer limitation in solution occurs and indeed when a 
high concentration of BZN was used, a limiting photocur
rent was found.

E C L  a t  S i  E le c t ro d e s . The medium employed in this 
work suggested the possibility of carrying out ECL39’40 

(electrogenerated chemiluminescence) at Si electrodes. 
Briefly, ECL is based on the mutual annihilation of appro
priate electrogenerated radical cations with radical anions 
to give an excited state which emits light when decaying to 
the ground state. Especially interesting is the possibility of 
“ up-conversion” of red light utilizing ECL at p-Si. Here 
one uses the features of photosensitized reduction at p-Si,

TABLE I : Photosensitized Potentials for Reductions at a 
p-Si Electrode Compared to a Pt Electrode for Several 
Compounds in ACN

Compound0
reduced

Peak po
tential 
Pt, V

Peak potential* 
illuminated 

P-Si, V
TMPD + —0.25 - 0 .6
BQ -0.85 —1.3 to —1.4
AQ —1.30 —1.3
Ru(bpy)3-+ —1.70 —1.4
DPA —2.30 —1.95
BZN —2.60 6 —2.25°

a Concentration range, 1—10 mM. * This potential is not 
related to thermodynamic properties (e.g., the standard re
dox potential) as at Pt and is somewhat dependent upon the 
concentration employed. c No peak obtained, foot of the 
wave.

LICIT on 011

TIBI

Figure 8. Pulsed ECL at a p-Si electrode with and without electrode 
illumination. Pulsing mode, —2.3 to —1.3 at 5 Hz; illumination, X 
>650 nm, ECL emission at 450 nm. The solution contained 1 mM 
DPACI2 and 0.1 M TBAP in ACN.

including the negative overpotential effect to carry out a 
photoinduced ECL process. DPACU (9,10-dichloro-9,10- 
dihydro-9,10-diphenylanthracene) is an especially useful 
compound for this experiment, since it produces blue ECL 
upon reduction.4 1 ’42 By illuminating the p-Si with red light 
we initiated DPACI2 reduction and obtained blue (420—450 
nm) emission.43 The conditions of the experiment were 
such that neither the electrical input alone (even at a Pt 
electrode) nor the illumination alone (i.e., a fluorescence 
experiment) were capable of producing the emission from 
this system, thus demonstrating the coupling of low photon 
energy with electrical energy to yield a more energetic pho
ton. Figure 8  demonstrates this principle. Further details 
have been given elsewhere.43 The p-Si electrode was 
subjected to pulses between —1.3 and —2.3 V at a frequen
cy of 5 Hz. Blue ECL emission was observed whenever the 
p-Si was illuminated with red light, with the emission spa- 
cially limited to the area where the red light was impinging 
and ceasing when the illumination was stopped. Similar be
havior has been observed in preliminary experiments with 
the small band gap sc electrodes p-GaAs and p-InP.
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Densities and heat capacities of aqueous solution of azoniaspiroalkane bromides, (CH2)nN +(CH2)nBr~ 
where n  = 4, 5, and 6 , have been measured at 25 °C using a flow densimeter and a flow microcalorimeter, 
respectively. Apparent molal volumes and apparent molal heat capacities obtained for these salts are com
pared with those of the corresponding tetraalkylammonium bromides. These comparisons show that the 
apparent molal volumes of the spiro ions are smaller, and the heat capacity of the water surrounding these 
ions is substantially reduced. Some indications are found for the flexibility of alkyl chains in the tetraalkyl
ammonium ions when volume data for the two types of ions are compared. Forming closed rings from the 
alkyl chains in tetraalkylammonium ions seems to alter their solution properties greatly and weaken their 
hydrophobic character considerably.

Introduction

Earlier studies on the comparative solution properties of 
hydrophobic ions containing either linear or cyclic alkyl 
groups have shown some important differences among the 
properties of these two types of solutes. 1- 3 The broad cur
rent interest toward the tetraalkylammonium ions as typi
cal hydrophic species4 has prompted us to study the solu
tion behavior of their counterpart azoniaspiroalkane ions. 
The latter should provide information on the role of geo
metrical and dynamic configurational effects in the ther

modynamic properties of alkyl-substituted quaternary am
monium ions.

In the first paper of this series (hereafter cited as paper
I) 1 enthalpies of solution of azoniaspiroalkane halides, 
(CH2)„N +(CH2)nX -, in H2O and D2O have been reported. 
Apparent molal heat contents and enthalpies of transfer 
from H2O to D 20  obtained were compared with those of 
the corresponding tetraalkylammonium halides. The re
sults showed that forming closed rings from the alkyl 
chains in tetraalkylammonium ions alter their enthalpic
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characteristics and weaken their hydrophobic interactions 
with water considerably.

In this second communication, we are reporting the re
sults of our measurements on the apparent molal volumes 
and heat capacities of three azoniaspiroalkane bromides in 
water at 25 °C. The data obtained are again compared with 
those of the corresponding tetraalkylammonium halides. 
Some indications are found which point to the flexibility of 
the alkyl chains of tetraalkylammonium ions in aqueous so
lution.

E xperim ental Section

. 1. M a t e r ia ls .  Azoniaspiroalkane halides were synthesized 
by a method adapted from Blicke and Hotelling5 and from 
Thomas and his co-workers.6’7 The detailed procedures 
used for the purification and analysis of each product have 
been described in paper I. The IUPAC names as well as our 
abbreviated names of the three compounds are as follows:
(i) (CH2)4N +(CH2)4Br- , 5-azoniaspiro[4.4]nonane bro
mide, “ 4.4 B r” ; (ii) (CH2)5N +(CH2)5B r- , 6-azoniaspir- 
o[5.5]undecane bromide, “ 5.5 Br” ; (iii) 
(CH2)eN+(CH2)6Br_, 7-azoniaspiro[6.6]tridecane bromide, 
“ 6.6 Br” .

2. F lo w  D e n s im e te r .  The density measurements have 
been carried out using a “ vibrating tube” flow densimeter 
described by Picker, Tremblay, and Jolicceur.8 In this 
technique, the solutions are circulated at constant flow rate 
through the oscillating tube, the natural vibration period of 
which is read on a digital frequency meter. The density in
crement A d  of a solution relative to the solvent is simply 
given as

Ad =  d  — do -  B ( t 2 — to2)

where do is the density of water at 25 °C (0.997047 g/ml),11 
M, the formula weight of the salt, and m , its concentration 
in mole per kilogram of water. The molal concentrations
(m) were converted into molarities (c) as required.

The apparent molal heat capacities <pcp were computed 
from the measured volumetric specific heat <r(cal K -1 
ml- 1 ) of the solutions and the equation

, ,  10 0 0  ,
<t>cp = M Cp + ------(cp -  C p°) (2)

m
with

Cp/cp° = (d0/d)(<r -  <r0)/cro (3)

In these equations, cp is the weight specific heat (cal K -1 
g_1) and the zero subscript or superscript refers to pure 
water; cp° was taken as 0.998877 cal K -1 g- 1 ,12 where 1 cal 
= 4.1840 J. The experimental results of 4>v and <f>cp for the 
aqueous azoniaspiroalkane bromides are given in Table I. 
The uncertainty in <j>v is about ±0.1 ml mol-1 for concen
tration range 0.10-1 M; uncertainty in <j>cp is ±0.5 cal K -1 
mol-1 for the concentration range 0.10-1 M.

The quantities 4>v and <j>cp were fitted by least-squares 
methods to the following equations:

4>v = 0v° + 1.868c172 ± B vc (4)

4>cp = </>cP° + 6.929c1/2 ± B cpc (5)

The coefficients in c1/2 represent the term given by the 
Debye-Huckel limiting law and the other coefficients 0° 
and B  for the salts investigated are given in Tables II and
IV. Values of (<t> — A c172) are plotted against c for the salts 
in Figures 1 and 2.

Discussion

where r and to are the vibration period measured with the 
solution and the solvent, respectively; B  is a constant de
termined by calibration using distilled water and nitrogen 
gas. The reproducibility of relative densities was usually 
within 3 ppm.

3. F lo w  M ic r o c a lo r im e te r .  The specific heat measure
ments were performed on a flow microcalorimeter designed 
by Picker et al.9,10 The instrument consists essentially of 
two identical flow cells in which the solvent and the solu
tion are circulated with equal flow rates. Heating elements 
provided symmetrical heating of the flowing liquids so that 
differences in the volumetric specific heats between these 
liquids were directly recorded. Under the flow rates (ca. 1 
ml/min) and heating power (ca. 110 mW) used, the temper
ature rise during the measurement was 1.80 °C.

In actual running of the experiments, each solution 
under study was passed first through the flow densimeter 
and then the flow calorimeter in succession yielding data of 
density and specific heat of that solution in one operation. 
Since the same closed-loop thermostat served to regulate 
the temperature of both instruments at 25.00 ± 0.02 °C, 
the specific heat data were actually obtained at the mean 
temperature of 25.90 °C. However, this is of no significant 
consequence on either the specific heat ratios defined 
below or the calculated apparent molal heat capacities.

Results

The apparent molal volumes <pv were calculated from the 
solution densities d  using the following equation:

M  | 1000(do -  d )  

d  m d d o
(1 )

A. A p p a r e n t  M o l a l  V o lu m e s . As in previous work,1 it 
will be of interest to compare the properties of aqueous 
azoniaspiroalkane halides with those of the tetraalkylam
monium halides. It is readily seen from Table II that 0V° 
values of azoniaspiroalkane bromides are smaller, and the 
values of B v are less negative than those of the correspond
ing tetraalkylammonium bromides. With the assignment of 
30.21 ml mol-1 for $v°(Br- ),13 $v° values of the 4.4 ion and
6.6 ion are found to be 85.1% of the Et4N+ ion and 84.8% of 
the Pr4N + ion, respectively. The smaller volume of azoni
aspiroalkane ions are to be expected due to the absence of 
terminal methyl groups in these ions.

The values of </;v° are plotted against the number of car
bon atoms in Figure 3 for four different types of salts: azo
niaspiroalkane bromides, tetraalkylammonium bromides,14 
alkylamine hydrobromides,15 and cycloalkylamine hydro
bromides.2 Data points appear to fall on four separate 
straight lines, one line for each type of salts. The slope of 
the line corresponds to the average volume increment per 
CH2 group. The lines seem to be nearly parallel but not ex
actly so on closer examinations. The lines for R.iNBr and 
RNHaBr are close together and lie distinctly above the 
other two and also slightly but definitely steeper. The line 
for our salts is the lowest of the four but rather close to that 
of cycloalkylamine hydrobromides. Lowe and Rendall16 
studied aqueous solution of small dialkylpyrrolidinium io
dides and dialkylpiperidinium iodides and reported the 
slope of the straight line obtained by plotting <f>v° vs. num
ber of carbon atoms to be 14.6 ± 0.3 ml mol- 1 . This value is 
less than that of R4N+ ions but greater than the corre
sponding value for the azoniaspiroalkane ions.

In this connection it will be of interest to note the fol-
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TABLE I: Apparent Molal Volumes and Apparent Molal Heat Capacities of Azoniaspiroalkane Bromides in Water at 25 °C

(CH2),N+(CH2)4Br- (CH2)5N+(CH2)5Br- (CH2)6N+(CHj)6Br-

c, M
0V> 0cp> 
mol-1 cal K-1 mol-1 c, M

0 y , ml 0c p» 
mol“1 cal K-1 mol -1 c, M

0v> nil 0cp> 
mol-1 cal K-1 mol-1

0.020085 152.8 64.0 0.010364 ■ 180.0 91.4 0.010333 207.5 135.6
0.023604 152.8 64.6 0.023848 180.2 93.2 0.030523 207.7 135.0
0.041455 152.93 64.39 0.030842 180.1 93.2 0.050778 207.71 135.54
0.050085 152.88 64.56 0.044544 180.30 92.97 0.070568 207.79 135.87
0.051728 152.91 64.89 0.051192 180.13 92.18 0.10071 207.62 135.65
0.064037 152.92 65.70 0.067190 180.35 92.90 0.28862 206.92 135.31
0.068943 152.98 ’ 64.91 0.070711 180.29 92.69 • 0.46575 205.99 135.58
0.082597 152.94 65.54 0.084986 180.37 93.59 0.63036 205.24 132.27
0.098583 153.08 65.46 0.10096 180.17 93.12 0.99007 204.05 130.38
0.10151 152.98 65.32 0.10390 180.34 93.04
0.20444 152.95 66.13 0.19840 180.19 93.69
0.28822 152.98 66.75 0.29863 179.92 94.38
0.46418 152.75 66.99 0.47868 179.49 94.29

0.64905 179.05 94.14
1.04037 177.97 93.12

TABLE II: Comparison of Apparent Molal Volumes of Azoniaspiroalkane Bromides with Those of Tetraalkylammonium
Bromides in Water at 25 °C

<?v°,a t> •e- < o A0v°
ml mol 1 per CH2 Bv ml mol 1 per CH2 B v b

4.4 Br 152.6 -2 .36 Me4NBr 114.35 - 1.01
13.8 14.85

5.5 Br 180.0 -3.75 Et.NBr 173.74 -4.12
13.8 16.41

6.6 Br 207.5 -5 .60 Pr.NBr 239.36 —8.77
15.31

Bu„NBr 300.59 -11.85
a Errors of 0V° are about ±0.1 ml mol" . t> G. Perron and J. E. Desnoyers, J. C h em . E ng. D ata, 17, 136 (1972).

Figure 1. Plot of (<j>v — 1 .8 6 8 c1/2) vs. c  for the three azoniaspiroalk
ane bromides in water at 25 °C , where 4>v is the apparent molal vol
ume (ml m ol- 1 ) and c, the salt concentration in M. [For the 5.5 and 
6 .6  salts the ordinate shows only scale and intercept; the data do 
not span (cross over) the breaks shown on ordinate axis.]

lowing volume change on step by step cyclization of alkyl 
chains. The <t>v°  value for diethylpyrrolidinium iodide is re
ported as 174.9 ml mol-1,16 from which one may assign the 
cation value of 132.2 ml mol-1 for the 0V° of 
(CH2)4N+(C2Hs)2. Starting from an ion with four ethyl 
groups, namely, (C£H5)4N+, a 10.3 ml mol-1 decrease in $v° 
takes place with the formation of one loop to become 
(CH2)4N+(C2H5)2, and a further decrease of 10.0 ml mol-1 
occurs with the formation of the second loop to become 
(CH2)4N+(CH2)4.

Figure 2. Plot o f (4>cp — 6 .9 2 9 c 1/2) vs. c  for the three azoniaspiroal
kane bromides in water at 25 °C , where 4>cp is the apparent molal 
heat capacity (cal K- 1  mol- 1 ) and c, the salt concentration in M. 
[For the 5.5 and 6 .6  salts the ordinate show s only sca le  and inter
cept; the data do not span (cross over) the breaks shown on ordi
nate axis.]

In order to see subtler differences beyond the simple 
presence or absence of terminal methyl groups, we shall 
compare the difference of the differences in 0v° values. The 
difference in <j>v°  between the Pr4N+ ion and the 6.6 ion is 
about 10.5 ml mol-1 greater than the corresponding differ
ence between the Et4N+ ion and the 4.4 ion. It seems rea
sonable to attribute this additional 10.5 ml mol-1 to the 
combined effect of the following three factors: (a) flexibili
ty of alkyl chains in the larger tetraalkylammonium ion, (b)
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Figure 3. Plot of apparent molal volume at infinite dilution against 
the number of carbon atoms for different types of salts: tetraalkyl- 
ammonium bromides (□), alkylamine hydrobromides (X), cycloalk- 
ylamine hydrobromides (A), and azoniaspiroalkane bromides (O).

different ways in which water molecules are packed around 
each organic ion of different size and shape, and (c) differ
ence in hydrophobic effect (solvent structural effect). 
Clearly, accurate quantitative separation of these factors 
will be impossible on the basis of thermodynamic data 
only. Still, it is of interest to consider some relevant points 
in detail.

First, one may question whether the azoniaspiroalkane 
ions are really inflexible, though their flexibility is definite
ly much less than the corresponding tetraalkylammonium 
ions. We will assume that the volume changes due to the 
ring flexibility are indeed negligible for our case. Second, 
0 V° per CH2 group in the 4.4 ion may be different from that 
in the 6 .6  ion due to the different size of these ions around 
which water molecules have to pack. From our data, we ob
tain 0v° to be 13.8 ml mol- 1  of CH2 group in going from the
4.4 ion to the 5.5 ion as well as in going from the 5.5 ion to 
the 6 .6  ion. Cabani et al.3 investigated homologous series of 
imines and their hydrochlorides in water and reported 
values of 13.7 to 15.1 ml mol- 1  of CH2 for two to seven car
bon atoms. In the studies of cycloalkylamine hydrobrom
ides in water, Jolicoeur et al.2 found that the methylene 
group contribution to </>v° depended markedly on the ring 
size. Seven- or eight-membered rings show a minimum 
value of <jh,°{CH2) whereas a five-membered ring gives a 
maximum value, the difference between extremes as large 
as 1.6 ml mol-1 . The latter results indicate that the geo
metrical aspects of the solvation involve both the structure 
in the solvent and the shape of the hydrophobic solute.

For the clarity of the subject matter to be discussed 
below, we must choose one of the following viewpoints: (i) 
the slopes of the “ 0 V° vs. number of carbon atoms” lines 
(Figure 3) observed with salts having loops of methylene 
groups are “ normal” or “ regular” and the larger slopes 
found with the corresponding salts with n -alkyl chains are 
ascribed to the flexibility of the linear chains; or (ii) the 
slopes of the salt homologs with alkyl chains are considered 
“ regular” and the smaller slopes found with salts with

TABLE III: Comparison of Observed Apparent Molal
Ionic Volumes of Tetraalkylammonium Ions with Volumes
Estimated from Addition of Group Values

0v°(obsd),a

0v°(calcd)*

0v°(N+) + n0v°(CHJ + 0v°(°bsd) —
ml mol-1 40v°(CH3) 0v°(calcd)

Me4N+ 84.14 (84.14) (0)
Et„N+ 143.53 139.34 4.19
Pr4N+ 209.15 194.54 14.61
Bu4N+ 270.38 249.74 20.64
Pe4N+ 333.69 304.94 28.75

“ These values are obtained from ref 14 with an assump
tion of 0v°(Br- ) = 30.21 ml mol-1 . b These numbers are 
obtained on the assumption of the following group values' 
0v°(CH2)= 1 3 .8 ,0 v°(N +)= 11.7, and 0v°(CH3) = 18.11 ml 
mol '. Note: The value of 0v°(CH2) is taken from the azo
niaspiroalkane ions given in Table II; the value of 0V°(N+) is 
obtained from the 4.4, 5.5, and 6.6 ions using the additivity 
assumption; the value of 0 v°(CH3) is obtained from the 
observed value of 0V° for the Me4N+ ion and the value of 
0v°(N+).

loops are ascribed to the loss of hydrophobic hydration 
and/or packing effects.

Since all three effects discussed above may contribute to 
the differences between the properties of linear and cyclic 
compounds, there is little ground for deciding upon a par
ticular reference point. At present, it seems that the sim
plest approach is to consider that the rigid, bulky azoni
aspiroalkane ions will exhibit more “ regular solution” be
havior than ions containing n -alkyl groups and which read
ily form clathrates.4 The enthalpy of dilution data reported 
in paper I is in favor of this approach. With this viewpoint, 
and under some further assumptions given below, one can 
obtain some quantitative estimate of the effect of alkyl 
chain flexibility in the homologous n-R4N + ions.

The data in Table III designated as 0 v(calcd) are ob
tained with the assumptions of 0 v°(CH2) = 13.8, 0 V°(N+) =
11.7, and 0 V°(CH3) = 18.11 ml mol-1 . (See footnote in 
Table III for how these values were obtained.) Thus, the 
values of 0 v°(ealcd) are sums of respective group values 
based on 84.14 ml mol- 1  of Me4N + ion. 14 The quantity, 0 V- 
(obsd) — 0 v(calcd), listed as the last column in Table III, 
will reflect, at least in part, the effect of alkyl chain flexibil
ity in the rc-R,4N+ ions as compared to the bicyclic ions. 
This quantity is seen to increase with alkyl chain length as 
would be expected if chain configurational effects are in
volved.

B. A p p a r e n t  M o l a l  H e a t  C a p a c it ie s . The values of 4>cp° 
are plotted against the number of carbon atoms in Figure 4 
for four different types of salts: azoniaspiroalkane bro
mides, tetraalkylammonium bromides, 10 alkylamine hydro
bromides, 15 and cycloalkylamine hydrobromides.2 Data 
points fall on four lines, some of them distinctly curved. 
The line for cycloalkylamine hydrobromides crosses the 
curve of ILtNBr at C 10 (ion with ten carbon atoms), while 
the curve for azoniaspiroalkane bromides remains to be the 
lowest of the four without crossing others. The low values 
of 0 cp° for azoniaspiroalkane ions with two rings are clearly 
seen from the plots. As shown in Table IV, the values of 
0 Cp° per CH2 group is smaller for the spiro ions than for the 
corresponding R4N + ions. The difference of 0 cp° between 
the Pr4N + ion and the 6 .6  ion is about 24.2 cal K - 1  mol- 1  

greater than the corresponding difference between the 
Et4N + ion and the 4.4 ion. This difference can be partly as
cribed to the extra large heat capacity of water around the
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TABLE IV: Comparison of Apparent Molal Heat Capacities of Azoniaspiroalkane Bromides with Those o f
Tetraalkylammonium Bromides in Water at 25 °C

0cp°,a
cal K 1 mol 1

A0cp° 0cp°>^ A0cp°
B c p bper CH2 B Cp cal K -1 mol-1 per CHj

4.4 Br 63.4
14.1

- 1.99 Me4NBr 26.05
16.67

4.71

5.5 Br 91.5
21.6

-4 .7 8 - Et4NBr 92.73
23.99

-3 .0 1

6.6 Br 134.6 -1 1 .6 Pr4NBr 188.67
25.11

-7 .3 9

Bu4NBr 289.10 -1 0 .5 2

a Errors of <Acp° are about ±0.5 cal K~‘ mol-1 . *P. R. Philip and J. E. Desnoyers, J. S o lu t io n  C h e m . ,  1, 353 (1972).

No. of Corbon Atoms

Figure 4. Plot of apparent molal heat capacity at infinite dilution 
against the number of carbon atoms for different types of salts: tet
raalkylammonium bromides (□), alkylamine hydrobromides (X), cy- 
cloalkylamine hydrobcmides (A), and azoniaspiroalkane bromides 
(O).

terminal methyl groups of the Pr4N + ion when compared 
to that of water around the terminal methyl groups of the 
E t4N + ion.

In their studies Jolicoeur et al.2 found that the values of 
$Cp°(CH2) for the homologous series of cycloalkylamine hy
drobromides (C3 to C 12) fall in a range of 13.5-17.3 cal K - 1  

mol-1 . In contrast, </>cp°(CH2) for R4N + ions (C4 to Cig) are
16.7-25.1 cal K - 1  mol-1 . Our values of 0 cp°(CH2) are 14.8 
and 21.1 cal K - 1  mol- 1  in going from 4.4 Br to 5.5 Br, and 
from 5.5 Br to 6 .6  Br, respectively. Inasmuch as the intrin
sic heat capacity of the CH2 group is about 6 - 8  cal K - 1  

mol- 1 , 17 the data show that the heat capacity of water 
around the 6 .6  ion is considerably less than that around the 
Pr4N + ion, but noticeably greater than that around the 4.4 
and 5.5 ions.

We have also made some measurements of the apparent 
molal heat capacities of 5.5 Br and 6 .6  Br in D2O at 25 °C. 
Though the number of measurements are few and the re
sults less accurate than those in H2O, they are probably 
good enough to indicate the sign of the heat capacity of 
transfer. The quantity, 0 cpo(D2O) — <£Cp0(H2O), is about —1 
cal K - 1  mol- 1  for 5.5 Br and + 1  cal K - 1  mol- 1  for 6 .6  Br. 
The corresponding values are -1 .9 1  cal K - 1  mol- 1  for 
Et4NBr and +6.36 cal K - 1  mol- 1  for P^NBr. If we use the 
sign of the above quantity as a criterion for classifying the 
the water-structure effect, 5.5 Br will be a weak structure

breaker, while 6 .6  Br will be a weak structure promoter. As 
discussed in paper I, this criterion may not be always reli
able and requires further investigations.18,19

In paper I a comparison of the enthalpies of transfer, 
A H tr ,  from H2O to D20  for various bromides was made. 
The values of A H t I  for the three azoniaspiroalkane bro
mides were found to fall between those of Me4NBr and 
Et4NBr rather than those between Et4NBr and Pr4NBr. 
Thus, the heat capacities of transfer and the enthalpies of 
transfer for the azoniaspiroalkane salts and for the tetraal
kylammonium salts exhibit the same general trends though 
with some differences in their relative numerical values.

In conclusion, forming closed loops from the alkyl chains 
in tetraalkylammonium ions has a great effect upon the 
thermodynamic properties, particularly those which have 
been regarded as characteristic of aqueous tetraalkylam
monium salts. The effects usually associated with the hy
dration of hydrophobic solutes is considerably reduced for 
the spiro ions, presumably due to their “wrong shape” , ab
sence of terminal methyl groups, and lack of flexible alkyl 
chains.
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Infrared Spectra of Ammonia Adsorbed on Zinc Oxide
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Infrared spectroscopic measurements were carried out on NH 3 and ND 3 molecules adsorbed on dehydroxy- 
lated and hydroxylated surfaces of ZnO in order to investigate the adsorbed state of ammonia molecules. It 
has been found that ammonia molecules are chemisorbed on dehydroxylated surfaces of ZnO in two ways,
i.e., through dissociative adsorption and coordinately bonded molecules. Hydrogen bonding is also formed 
between ammonia molecules and surface hydroxyl groups, while on fully hydroxylated surfaces on ZnO the 
formation of ammonium ions was confirmed. Furthermore, the exchange reaction of chemisorbed NH3 

with water vapor occurs on the ammoniated surface of ZnO to form ammonia vapor and surface hydroxyl 
groups.

Introduction

The adsorption of NH3 on metal oxides is important in 
connection with the acid properties of solid surfaces. The 
differences between the infrared adsorption spectrum of 
coordinated NH3 molecules and that of ammonium ions 
has often been employed to differentiate Lewis acid sites 
from Bronsted acid sites on acid catalysts and related com
pounds such as silica, alumina, and silica-alumina. 1-10

It has been found that NH 3 can be physisorbed and 
chemisorbed on metal oxides through the coordination of 
the lone pair electrons in nitrogen atoms to surface metal 
atoms, the dissociative adsorption of NH3 molecules to 
form an equal number of hydroxyl groups and amide 
ions,6'8,10 the formation of ammonium ions, and hydrogen 
bonding with surface hydroxyl groups. According to Bly- 
holder et al. , 11 chemisorbed NH3 does not behave as the 
sites for physisorption of NH 3 molecules.

According to the papers cited above, on surfaces treated 
at elevated temperatures NH3 molecules form coordination 
compounds with surface metal atoms, while on surfaces 
treated at relatively lower temperatures they undergo hy
drogen bonding or bond to ammonium ions because of the 
presence of surface hydroxyl groups of physisorbed H2O. It 
will therefore be interesting to investigate the adsorption of 
ammonia in relation with that of water.

In the present work, an attempt was made to measure 
the infrared spectra of ammonia adsorbed on ZnO surfaces 
on which the amount of chemisorbed H2O was controlled, 
and to investigate the adsorbed state of ammonia on ZnO 
surfaces.

Experim ental Section

M a t e r ia ls .  The ZnO sample used in this work was Kadox 
15, prepared by the New Jersey Zinc Co. The specific sur
face area of the sample treated at 450 °C, which was ob
tained by the B E T method using nitrogen adsorption, was 
found to be 8.40 m2/g. For measurements of infrared spec
tra, a self-supporting disk of the ZnO sample of about 100 
mg and 2 0  mm in diameter was prepared by compressing 
under a pressure of 400 kg/cm2.

Two kinds of water vapor, H2O and D2O, used as adsor
bates were purified by repeated bulb-to-bulb distillation in 
vacuo. NH3 vapor was supplied by evaporation from liquid 
NH3 (99.99%) into vacuum, and purified by repeating the 
vaporization into vacuum and condensation in a trap

cooled at dry ice-ethanol temperature. Another kind of 
ammonia, ND3, made by Merck Co., was evaporated from 
2 0% solution in D2O into vacuum, from which the D2O 
vapor was removed by repeated evaporation-condensation 
cycles in the same way as stated above.

A p p a r a tu s .  An in situ cell equipped with sodium chlo
ride windows, which withstands heat treatment at elevated 
temperatures in vacuo, was used for the measurement of 
spectra, as described in the previous paper.12 An infrared 
spectrophotometer, Type IR-G, manufactured by Nippon 
Bunko Co., was used for the present work.

P r e t r e a t m e n t  o f  S a m p le . A sample disk was degassed in 
the in situ cell at 450 °C for 2 h under a vacuum of 10- 5  

Torr. After this treatment, the color of the sample disk 
changed to gray, and the transmittance for infrared beam 
decreased remarkably. However, this could be overcome by 
treating the sample in an oxygen atmosphere:13 -15  after de
gassing the sample at 450 °C dried oxygen of 50 Torr was 
introduced in the system and kept for 30 min at the same 
temperature. The system was then evacuated and a second 
introduction of oxygen was performed in order to ensure 
complete oxidation. The system was cooled to room tem
perature, and evacuated for 2  h at the same temperature, 
which produced a white sample having the original trans
mittance of the infrared beam.

Results and Discussion

A d s o r p t io n  o f  H 2O  a n d  D ^ O  o n  th e  Z n O  S u r fa c e . The 
ZnO sample degassed at 450 °C was exposed to H2O or D2O 
vapor of 20 Torr at 30 °C for 14 h, then it was degassed at 
various temperatures, and the desorbability of adsorbed 
water was observed by infrared spectroscopy. The results 
obtained are shown in Figures 1 and 2. Just after adsorp
tion of H2O, the absorption bands appear at 3640, 3575, 
3530, and 3440 cm-1, which can be assigned to the OH 
stretching vibration; the intensity of the latter two peaks 
decreases with heat treatment at increasingly elevated tem
peratures, and they disappear after the treatment at 300 
°C, whereas the former two remain even after the treat
ment at 450 °C in vacuo. In the case of adsorption of D2O 
(Figure 2), four bands are observed at 2675, 2616, 2580, and 
2530 cm-1 , which have a factor approximate to l/ v 2  com
pared to the wavenumbers of the corresponding bands due 
to the OH stretching, being identified as OD stretching vi
brations. The variation of these bands due to heat treat
ment is quite similar to that of OH bands. The 450 °C
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Figure 1. Infrared spectra of H20  adsorbed on ZnO: (a) background 
spectrum obtained after pretreatment at 450 °C; (b) after H20  ad
sorption at 20 Torr for 14 h; spectra were recorded successively 
after degassing at (c) 30, (d) 100, (e) 200, (f) 300, and (g) 400 °C.

Wavenumber . cm'1

Figure 2. Infrared spectra of D20  adsorbed on ZnO: (a) background 
spectrum obtained after pretreatment at 450 °C; (b) after D20  ad
sorption at 20 Torr fo' 14 h; spectra were recorded successively 
after degassing at (c) 30, (d) 100, (e) 200, (f) 300, (g) 400, and (h) 
450 °C.

treatment of the deuterioxylated ZnO in vacuo leaves the 
band at 2616 cm-1, suggesting the presence of strongly 
chemisorbed water. The bending vibration of adsorbed 
H20 gives rise to a band at 1650 cm-1 , but it disappears 
after evacuation at 30 °C, in agreement with the results 
previously obtained on the desorbability of physisorbed 
water,16-18  while the physisorption of D20  on ZnO does not 
display the bending mode in the infrared spectra, because 
the wavenumber overlaps the bulk vibration of ZnO.

In studies of infrared spectroscopy of surface hydroxyls 
on ZnO surfaces, Atherton et al. 14 discovered five bands in 
the OH stretching region, Dent and Kokes19 reported three 
bands, and Tsyganenko and Filimonov20 described two 
bands at 3675 and 3622 cm-1 . The present results are al
most the same as those of Ather-ton et al., except for the 
fact that the band at 3670 cm- 1  has not been found in the 
present work. Absorption bands at 3640 and 3575 cm- 1  

which survive after evacuation of the sample at 450 °C 
(Figure 1) gre probably due to isolated hydroxyls. O f the 
two, the band at 3575 cm- 1  becomes smaller but sharper 
with increasing treatment temperature, remaining unex
changed in small amount even after the exchange proce
dure with D20, which suggests that a small amount of hy
droxyls may exist in the ZnO crystal. The corresponding 
OD band at 2616 cm- 1  also behaves similarly (Figure 2). 
Atherton et al. 14 have found an absorption band at 3620 
cm- 1  persisting after treatment at elevated temperatures, 
which is slightly higher in wavenumber than 3575-cm_ 1 

band in the present work. From crystallographic consider
ations it is reasonable to infer that the isolated OH groups 
are able to exist on the (0 0 0 1 ) and (0001) planes of ZnO 
crystals. On the other hand, relatively broad peaks of lower 
wavenumbers, 3530 and 3440 cm- 1 , which are extinguished 
by degassing at 300 °C may be due to surface hydroxyls 
which are able to hydrogen bond to each other on the 
(1 0 1 0 ) planes, as discussed in the preceding paper.21

A d s o r p t io n  o f  N H 3 a n d  N D 3 o n  th e  D e h y d r o x y la te d  
Z n O  S u r fa c e . The ZnO sample treated at 450 °C in vacuo 
was kept in NH3 or ND3 for a given interval of time at 30 
°C, and infrared spectra were measured at 30 °C after de
gassing at elevated temperatures. The results obtained are 
illustrated in Figures 3 and 4. In every measurement, ab
sorption bands at 3640 and 3575 cm- 1  due to the tenacious
ly bound hydroxyls are observed to be similar to the cases 
of Figures 1 and 2.

The normal vibrations of gaseous NH3 are known to be 
3414 (i/3), 3338, 3336 (i/x), 1628 (*4), and 968, 932 ( r 2) 22 A 
number of works have been devoted to the assignment of 
the absorption bands of NH3 adsorbed on metal oxides. 1-10  

It has been thus far confirmed that the adsorption bands of 
NH3 molecules coordinated to metal atoms on solid sur
faces appear in two ranges, 3330-3380 cm - 1  due to asym
metric stretching vibration and 3260-3280 cm- 1  due to 
symmetric. On the other hand, the NH3 hydrogen bonded 
to surface hydroxyls gives absorption peaks near 3400 and 
3320 cm- 1  due to NH stretching vibrations. When ammo
nium ions are formed on the surfaces of metal oxides, the 
absorption band due to the NH stretching appears near 
3200 cm-1, and the one due to the asymmetric bending vi
bration 1/4 near 1400-1470 cm-1 , but that due to symmetric 
V2 is usually not observed because of the overlapping with 
the absorption of the solid samples themselves. In addition, 
it has been also described that the simultaneous formation 
of amide ions and hydroxyls takes place by the dissociative 
adsorption of NH3,6’8'10 and that NH3 hydrogen bonded to 
surface oxide ions gives a broad absorption peak near 3100 
cm- 1 .23

As is seen in Figure 3, the infrared spectra of NH3 ad
sorbed on the ZnO surface represent two pairs of bands at 
3400 and 3320 cm- 1  as well as at 3350 and 3275 cm-1. Ac
cording to the authors cited above, the former pair can be 
assigned to the stretching NH vibration of NH3 hydrogen 
bonded to surface hydroxyls remaining on the 450 °C treat
ed sample. The following facts will also substantiate this
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Figure 3. Infrared spectra of NH3 adsorbed on ZnO: (a) background 
spectrum obtained after pretreatment at 450 °C; (b) after NH3 ad
sorption at 20 Ton for 8 h; spectra were recorded successively after 
degassing at (c) 30, (d) 70, (e) 100, (f) 150, (g) 200, (h) 250, and (i) 
300 °C.

Wavenumber , cm'1

Figure 4. Infrared spectra of ND3 adsorbed on ZnO: {a) background 
spectrum obtained after pretreatment at 600 °C; (b; after ND3 ad
sorption at 20 Torr for 8 h; spectra were recorded successively after 
degassing at (c) 30, (d) 70, (e) 100, (f) 150, (g) 200, (h) 250, and (i) 
300 °C.

conclusion. On adsorption of NH3 the intensify of absorp
tion bands at 3640 and 3575 cm- 1  decreases and at the 
same time the peaks at 3400 and 3320 cm- 1  appear, while 
on degassing the system at higher temperatures absorption 
bands due to the OH stretching vibration recover the origi
nal intensity (Figure 3). On the other hand, the latter pair 
of absorption bands, 3350 and 3275 cm-1 , can be assigned 
to the asymmetric and symmetric NH stretching vibrations

in NH3 coordinated to surface metal atoms, 1 ’2’5’8” 10 being 
accompanied by the bending vibration at 1580 cm-1 . This 
set of absorption bands vanishes perfectly by evacuation at 
300 °C. The results obtained in Figures 1-3 show that the 
desorption of chemisorbed NH3 is accomplished at a lower 
temperature than that of chemisorbed H2O, which indi
cates that H2O molecules can be chemisorbed more strong
ly than NH3 molecules.

Here, it is interesting to consider whether the dissocia
tive adsorption of ammonia can take place on the ZnO sur
faces or not, since Peri,6 Low et al.,8 and Blomfield and L it
tle10 reported the dissociative adsorption of NH3 on metal 
oxides such as 7 -Al30 3 and porous glass. As stated above, a 
small part of surface hydroxyls remain even after the treat
ment of ZnO at 450 °C (Figures 1-3), and the dissociative 
adsorption of one molecule of NH3 on the surface of metal 
oxides will produce a pair of hydroxyl and amide groups. In 
order to distinguish the newly formed hydroxyls by disso
ciation of NH3 from the original hydroxyls remaining on 
the surfaces, the adsorption of ND3 was carried out. The 
results obtained are given in Figure 4. In this experiment, 
the pretreatment temperature of the sample was raised to 
600 °C, which resulted in a remarkable decrease in the 
amount of the remaining surface hydroxyls and accordingly 
in the intensity of the absorption bands in the region 
3660-3575 cm-1 . In Figure 4, the absorption bands at 2680, 
2600, 2580, and 2480 cm- 1  are clearly observed; the former 
three can be assigned to the stretching OD bands in light of 
the results in Figure 2 . The last one at 2480 cm- 1  agrees 
well with the absorption band assigned to the ND stretch
ing vibration by Tench .24 However, there are two possibili
ties that this ND stretching vibration may come from ND3 

molecules coordinated to surface metal ions or from amide 
ND 2 groups formed by the dissociative adsorption of ND3. 
Since infrared absorption data on the ND stretching vibra
tion in amide ND2 groups are very few, we have estimated 
their wavenumber by the following way. The ratios of 
wavenumbers of the normal vibrations v3, ¡7 , and 1/4 in gas
eous NH3 to the corresponding ones in ND3 give an almost 
equal value 0.735 on the average. Assuming that this ratio 
is also valid to the vibrations in amide groups, we can cal
culate the wavenumbers of the ND stretching vibration in 
amide (ND2) to be 2573 and 2499 cm- 1  for v3 and 1 7 , re
spectively, by combining the experimental data on the 
wavenumbers 3500 and 3400 cm- 1  of the NH stretching vi
bration in free amide (NH2) and the above ratio.

On the other hand, it is known that the band of the NH 
stretching vibration in the NH3 molecules coordinately 
bonded to a solid surface usually shifts to a lower wave- 
number by 40-80 cm- 1  from the normal vibration of gas
eous NH3, and appears in the ranges of 3330-3380 (i/3) and 
3260-3280 cm- 1  (1 7 ) .1-10  Therefore, it may be reasonable to 
expect that the same tendency holds also in the case of the 
ND stretching vibration in coordinated ND3 molecules, 
giving the calculated wavenumbers of 2470-2520 and 
2345-2370 cm- 1  for u3 and 1 7 , respectively.

The absorption peak at 2480 cm- 1  observed in Figure 4, 
therefore, may come from coordinated ND3 molecules and/ 
or amide groups bonded to the surface. However, it is seen 
from Figure 4 that the degassing the ND3-adsorbed sample 
at increasingly elevated temperatures results in the simul
taneous decrease of the strength of the OD and ND stretch
ing vibrations. Thus, simultaneous appearance and de
crease of both OD and ND stretching vibrations make it 
possible to infer that the dissociative reaction of ND3 mole-
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Figure 5. Infrared spectra of NH3 adsorbed on hydroxylated surface 
of ZnO: (a) spectrum of hydroxylated ZnO; spectra were recorded 
successively on exposing to NH3 at 20 Torr for (b) 1, (c) 2, (d) 4, (e) 
10 h; then (f) after degassing at 30 °C for 4 h.

cules with surface oxide ions takes place to form OD and 
ND 2 groups at the same time.

A d s o r p t io n  o f  N H 3 o n  th e  H y d r o x y la t e d  S u r fa c e  o f  
Z n O . Figure 5 shows the infrared spectra of NH 3 molecules 
adsorbed on the hydroxylated surface of ZnO. It is seen 
from Figure 5 that the bands observed between 3440 and 
3640 cm- 1  on the fully hydroxylated surface of ZnO shift to 
3300-3400 cm- 1  after the adsorption of NH3, and at the 
same time the sharp peaks appear at 3200, 1580, and 1455 
cm-1 . The broad band at 3300-3400 cm- 1  will involve both 
the OH stretching vibration of surface hydroxyls bonded to 
NH3 molecules through hydrogen bonding and the NH 
stretching vibration of the adsorbed NH3 molecules. The 
absorption band at 1580 cm- 1  may be considered to be due 
to the bending vibration of NH 3 molecules, because it is 
identical with that found in the coordinately bonded NH3 

molecules. The intensity of this absorption band, however, 
decreases in parallel with the decrease of the broad band at 
3300-3400 cm- 1  by degassing at room temperature and fi
nally disappears after evacuation for 4 h, which suggests 
that the bending vibration is of the weakly adsorbed NH3 

molecules.
The appearance of absorption bands at 3200 and 1455 

cm- 1  implies the formation of NH4+ ions on ZnO sur
faces, 1 '3'7 '9 thougla they disappear after degassing at room 
temperature. The situation resembles the case of the ad
sorption of NH3 on the <*-Fe20 3  surface, where NH4+ ions 
are formed by the interaction of NH3 molecules with physi- 
sorbed H2O on a-Fe2 0 3. 11 The formation of NH4+ ions has 
not been observed on the surface of the hydroxylated 
MgO ,24 on which NH3 molecules could be adsorbed just 
through hydrogen bonding. On the contrary, the formation 
of NH4+ ions has been well known on the surfaces of silica- 
alumina, which have Bronsted acid sites. 1 ’3’7 ’9 Our prelimi
nary tests showed that the formation of NH4+ ions was 
scarcely observed on ZnO surfaces on which the surface OH 
density was about one-half of that on fully hydroxylated 
surfaces.

Figure 6. Infrared spectra of ammoniatec surface of ZnO in the 
presence of H20 vapor: (a) spectrum of ammoniated ZnO; spectra 
were recorded successively on exposing to H20  at 20 Torr for (b) 1, 
(c) 2, (d) 3, (e) 4, (f) 5, (g) 14 h; then (h) after degassing at 30 °C for 
4 h.

Quantitative studies on the physisorption of NH3 on 
ZnO have revealed that the amount of weakly adsorbed 
NH3 in the forms of NH4+ ions and of hydrogen bonding is 
great.25

A d s o r p t io n  o f  H 2O  o n  th e  A m m o n ia te d  S u r fa c e  o f  Z n O .  
On the ZnO sample treated at 450 °C in vacuo, NH 3 was 
preadsorbed at 30 °C under a pressure of 20 Torr for 8  h, 
and then the sample was degassed at 30 °C, which left the 
strongly adsorbed NH3 on the surface. The sample thus 
treated was equilibrated with H20  vapor, followed by the 
infrared spectroscopic investigation. The results obtained 
are illustrated in Figure 6 . It is seen from Figure 6  that on 
exposing the surface to H20  vapor of 20 Torr at 30 °C the 
intensity of absorption bands of 3400, 3350, 3320, and 3270 
cm-1 , which are assigned to the vibration modes of ad
sorbed NH3, decreases with time, and at the same time the 
absorption bands at 3530-3640 and 1650 cm- 1  due to the 
OH stretching and bending vibrations of H20  appear and 
gradually increase. Degassing the sample after exposing to 
H20  vapor for 14 h results in a remarkable decrease in the 
intensity of the absorption bands, 3350 and 3270 cm-1 , 
which originated in the chemisorption of NH3, and instead 
the intensity of the absorption bands due to the OH 
stretching increases. The analysis of the equilibrated gas 
showed the presence of a quantity of NH3.

These facts positively give the evidence that the ex
change reaction occurred between H20  vapor and ammo
niated surfaces of ZnO to form NH3 vapor and hydroxyl
ated surfaces. A more distinct result was obtained by the 
same experiment carried out with D20  vapor and ammo
niated surfaces of ZnO, because of the clear detection of 
OD stretching vibrations which appear at the range of 
wavenumbers apart from that of the NH3 stretching vibra
tions.

Similar dual adsorption experiments with NH3 and H20  
have been projected on a-Fe20 311 and silica-alumina,9 but 
the possibility of exchange reaction has not been detected.
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Very recently, the exchange reaction between H2O vapor 
and chemisorbed CO2 on ZnO has been reported. 26’27 Those 
and present results give clear evidence that the chemisorp
tion energy of H2O is larger than that of CO2 or NH3.
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Resonance Raman spectra have been recorded of a monolayer adsorbed at the interface between carbon 
tetrachloride and an aqueous solution of cetyltrimethylammonium bromide (CTAB, a cationic surfactant) 
and methyl orange (MO, an anionic azo dye) by using a new method of total reflection of the exciting light 
at the interface. The adsorbed monolayer consisted of an interaction product of CTAB with MO, and the 
latter served as an absorber of the exciting light of an Ar+ laser to give rise to the resonance Raman effect. 
The band frequencies of MO in the monolayer were slightly shifted from those in bulk aqueous solution 
toward those of solid MO, indicating that the MO molecules in the monolayer were in an environment sim
ilar to a crystal field. Theoretical consideration of the Raman scattering activity due to an evanescent wave 
in the total reflection has been made of uniaxially oriented molecules. From polarization measurements of 
the resonance Raman spectra, it was found that the long axes of the MO molecules were tilted in the mono- 
layer with a large angle of 50-60° with the axis normal to the interface.

Introduction
Oriented monolayers of surface-active agents adsorbed 

from solution at the interface between two phases, i.e., liq
uid-gas, liquid-liquid, or liquid-solid, are the basic concept 
in surface and colloid chemistry, and spectroscopic study of 
the adsorbed monolayers in situ has been a subject of much 
interest in this field. However, previous studies have been 
very limited in number. Tweet1,2 has designed th e  m o n o -  
la y e r  s p e c t r o m e te r  and obtained visible absorption spectra 
of monolayers at the air-water interface by means of the 
multiple reflection of a beam between two parallel mirrors 
through the interface. It is generally agreed, however, that 
visible and ultraviolet spectra are too simple in most cases 
to afford sufficient information on the complex structure of 
monolayers. The infrared spectrum may be informative, 
but it is very difficult to apply to studies of monolayers on

liquid substrates, because of an extremely small number of 
molecules in monolayers and of strong absorption of the 
substrates. These difficulties are expected to be overcome 
by the recently developed technique of resonance Raman 
spectra, in which enormous enhancement of Raman inten
sity is observed. In addition, there is the advantage of 
Raman spectroscopy with laser excitation that suitable 
methods are possible for irradiation of the exciting light 
upon monolayers at interfaces and for collection of the 
scattered Raman radiation.

In the present work, we succeeded in recording the reso
nance Raman spectra of monolayers adsorbed at the inter
face between carbon tetrachloride and an aqueous solution 
of cetyltrimethylammonium bromide (CTAB, a cationic 
surfactant) and methyl orange (MO, an anionic azo dye) 
using a new method of total reflection of the exciting light
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at the interface. The reasons for the choice of CTAB and 
MO are as follows. First, a dilute aqueous solution of MO (2  

X ÎO- 4  M) and CTA B (1 X 10- 5  M) has £ î electronic ab
sorption band around 460 nm ,3 and gives î ise to the reso
nance Raman effect for the exciting wavelengths of 488.0 
and 514.5 nm of an Ar+ laser.4 The corresponding absorp
tion band of t r a n s - azobenzene has been assigned by Jaffé 
et al. 5-6 to the lowest 7r-7r* transition with the transition 
moment parallel to the long axis of the molecule. Second, 
the interaction between long-chain alkyltrimethylammo- 
nium bromide and MO in dilute aqueous solutions has 
been studied by Hiskey and Downey,3 who have pointed 
out the formation of a 1 : 1  interaction product due to two 
factors. One is a Coulombic interaction between the nega
tively charged sulfonic group on MO and the positive 
charge on the cationic surfactant, and the other is a van der 
Waals-London type of interaction between the hydrocar
bon portions of these two molecules. Finally, it is found in 
the present work that the interaction product of CTAB 
with MO is adsorbed at the interface between carbon tetra
chloride and the aqueous solution forming a monolayer.

It is noted also that the Raman radiation scattered from 
a monolayer by this total reflection method is due to an 
evanescent, nonpropagating wave and not due to a propa
gating wave as in the usual method. Theoretical consider
ation of the Raman scattering activity due to the evanes
cent wave has been made of uniaxially oriented molecules 
by reference to results about principal values of the derived 
polarizability obtained from measurements of the depolar
ization ratios of a bulk aqueous solution. From polarization 
measurements of resonance Raman spectra, the orientation 
of the MO molecules in the adsorbed monolayer was dis
cussed.

Experim ental Section

M a t e r ia ls .  A sample of MO was obtained from a com
mercial source and was recrystallized several times from 
water. That of CTAB was the guaranteed reagent and was 
used without further purification. Pure water was prepared 
by redistillation of distilled water which had been passed 
through an ion-exchange resin column.

M e a s u r e m e n ts  o f  In t e r f a c ia l  T e n s io n . The interfacial 
tension between carbon tetrachloride and an aqueous solu
tion was measured by the Wilhelmy plate method using a 
Shimadzu Model S T - 1  surface tensometer and a Teflon 
plate. Prior to the measurements, the interface was allowed 
to stand overnight, so that the adsorption equilibrium was 
established.

M e a s u r e m e n ts  o f  th e  R e s o n a n c e  R a m a n  S p e c tr a  o f  A d 
s o rb e d  M o n o la y e r s .  After some examinations, the total re
flection method illustrated in Figure 1 was used. Carbon 
tetrachloride and a dilute aqueous solution of CTAB and 
MO were successively poured into a truncated pyramidal 
Raman cell (placed upsidedown) which was made of glass 
or acrylic acid resin. A horizontally propagating laser beam 
was incident upon the lower part of the cell, inside of which 
carbon tetrachloride was placed. After the refraction at an 
inclined optical window of the cell, the laser beam ap
proached the interface between carbon tetrachloride and 
the aqueous solution through the former with a large inci
dence angle. Since the refractive index of carbon tetrachlo
ride (1.46) is higher than that of the aqueous solution 
(1.34), the beam was totally reflected at the interface and 
followed by the refraction at the exit window of the cell. 
The beam thus emerging from the cell was reflected by a

concave mirror (a laser booster) back through the identical 
pass with the forward propagation. This was useful to in
crease the energy of the sample excitation. Both the for
ward and backward beams were focused upon the interface. 
The scattered Raman radiation due to the evanescent wave 
in the total reflection was collected by a condenser lens in a 
direction perpendicular to the plane of incidence-of the ex
citing light and was led to the monochromator. Another 
concave mirror (a Raman booster) was provided behind the 
cell to enable the'revival of the Raman radiation scattered 
backward. This total reflection method has advantages 
that the optical system is quite simple, and that the polar
ization measurements of Raman spectra are possible as 
shown later. We now define the space-fixed axes X ,  Y , and 
Z  as shown in Figure 1.

Apparently, the angle of incidence of the exciting light at 
the interface is determined by the angle of inclination of 
the cell window, and it was designed to form the angle of 
incidence 84°, while the critical angle is 6 6 .6 °. In this case, 
the penetration depth of the evanescent wave in the aque
ous solution was calculated to be 1390 A for the exciting
488.0-nm light of the Ar+ laser.7

The Raman spectra were recorded on a Japan Electron 
Optics Laboratory Model JRS-S1 laser Raman spectropho
tometer with a Spectra-Physics Model 164 Ar+ laser (4 W). 
The spectral slitwidth was 12 and 14 cm- 1  for the 514.5- 
and 488.0-nm excitations, respectively. The output power 
of the exciting light was kept to be less than 100 mW to 
protect the interface from thermal agitation.

The resonance Raman spectra of a bulk solution were 
obtained using a 1 -mm capillary tube.

Results and Discussion

F o r m a t io n  o f  a  M o n o la y e r  a t  th e  In te r f a c e .  In Figure 2, 
the interfacial tension between carbon tetrachloride and 
aqueous solutions of CTAB and MO is plotted as a func
tion of the logarithm of the concentration of MO in a 1 X 
10- 5  M CTAB solution. It shows a typical interfacial ten
sion-logarithm concentration curve of surfactants, suggest
ing that the interaction product has surface activity and is 
adsorbed at the interface. By the use of the Gibbs adsorp
tion isotherm, the surface excess of the interaction product 
is calculated to be 1.9 X 10~ 10 mol/cm2 from the descend
ing slope of the linear part of the curve. This means that 
one interaction product occupies a surface area of 89 A2. 
The same experiments for interfaces between carbon tetra
chloride and aqueous solutions of CTAB alone yielded a 
value of 43 A2 as the corresponding area for the CTA B mol
ecule, indicating that the contribution of the MO molecule 
to the surface area occupied by one interaction product is 
46 A2. Since this value is reasonable as the area of the MO 
molecule, it may be concluded that the adsorbed interac
tion products form the monolayer at the interface between 
carbon tetrachloride and the aqueous solution.

R e s o n a n c e  R a m a n  S p e c tr a  o f  M O  in  B u lk  S o lu t io n  a n d  
in  a  M o n o la y e r .  Resonance Raman spectra of the bulk 
aqueous solution of MO (2 X 10- 4  M) and CTA B (1 X 10- 5  

M) are shown in Figure 3A, where I \ \ and I ±  denote the in
tensities of Raman radiations with the electric vectors par
allel and perpendicular to that of the exciting light, respec
tively. The Raman bands of MO in aqueous solutions have 
been studied by Hacker,8 Carey et al.,9 and Machida et 
al. , 10 and the frequencies are summarized in Table I to
gether with their assignments. It is found from Figure 3A 
that all of the observed bands give approximately the same
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Aqueous solution

P H
cci4

Figure 1. Total reflection method for Raman measurements of mo
nolayers adsorbed at the Interface between carbon tetrachloride and 
aqueous solutions.

Figure 2. Interfacial tension between carbon tetrachloride and aque
ous solutions of MO and CTAB as a function of the logarithm of the 
concentration of MO. The concentration of CTAB is fixed at 1 X 
1Cr5 M.

values around 0.36 of the depolarization ratio (pi = I ± / I \ \ )  
irrespective of the excitation wavelength of the Ar+ laser. 
Taking account of the experimental error, this value is con
sidered to agree with 0.33, which will be theoretically ob
tained under the assumptions that the Raman band 
belongs to the totally symmetric species, and that, of all 
nonvanishing elements of the derived polarizability tensor, 
only one diagonal element has an exceptionally large 

‘value. 11

Figure 3B represents a resonance Raman spectrum of 
MO in the monolayer adsorbed at the interface between 
carbon tetrachloride and the aqueous solution mentioned 
above. The spectrum was recorded using the total reflec
tion method of Figure 1, and in this case, a polarizer for the 
Raman radiation was removed so that / 1| + I  ±  can be ob
tained. Although the scattered Raman radiation is so weak 
that the S/N value is very low, the Raman spectrum which 
resembles that in the bulk solution can apparently be ob
served on the background due to carbon tetrachloride. In

Figure 3. Resonance Raman spectra of MO: (A) aqueous solution of 
MO (2 X 10—4 M) and CTAB (1 X 10~5 M); (B) monolayers adsorbed 
at the interface between carbon tetrachloride and the aqueous solu
tion. /|| and l±  are intensities of Raman radiations with the electric 
vectors parallel and perpendicular to that of the excitirg light, re
spectively.

Table I, the Raman frequencies of MO in the monolayer 
are compared with those in bulk solutions and of solid MO. 
Evidently, the frequencies in the monolayer ars slightly 
shifted from those in bulk solution toward those of solid 
MO, suggesting that the MO molecules in the monolayer 
are in an environment similar to the crystal field.

Besides the fact that there is the monolayer at the inter
face as shown above, additional confirmations of the state
ment that the Raman spectrum in Figure 3B arises from 
the monolayer are accomplished by the following examina
tions. (1) No Raman radiation due to MO can be detected 
for the interface between carbon tetrachloride and an 
aqueous solution of MO alone (2 X 10~ 4 M), where the ad
sorption cannot be expected as MO is surface inactive. This 
may indicate that the evanescent wave penetrated into the 
aqueous solution does not give rise to detectable Raman ra
diation whenever the adsorbed monolayer is not formed at 
the interface. 12 (2 ) The frequencies of the Raman bands in 
Figure 3B are different from those in the spectra of the 
bulk solution (Figure 3A), as mentioned above. Differences 
are also found in the polarization properties of the Raman 
bands between the bulk solution and the monolayer as will 
be seen in the later part of this paper.

In the next section, we discuss the orientation of the MO 
molecules in the adsorbed monolayer with the aid of polar
ization measurements of their resonance Raman spectra.

M o le c u la r  O r ie n ta t io n  o f  M O  in  th e  M o n o la y e r .  We now 
consider a three-phase plane-bounded system shown in 
Figure 4. Phase 1 is the semiinfinite incident phase of car
bon tetrachloride, phase 2  the adsorbed monolayer, and 
phase 3  the semiinfinite final phase of the aqueous solu
tion. Since the adsorbed monolayer is much thinner than
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TABLE I: Raman Specfèa of MO in Various States

Aqueous solution

Ref 9 Ref 10 Present work monolayer Solid3 Assignment*

1597 1600 1599 — 1592 Benzene ring
1449 1450 1448 1446 1443 Benzene ring
1423
1415 1420 1417 1419 1419

1412 N=N stretching

1393 1395 1390 1390 1391
1373 1370 1367 1368
1318 1320 1318 1314 1313 Benzene ring
1294 1292

* 1201 1200 1200 1195 1197 Benzene ring
1151 1155 1151 1143 1145 Ph—N stretching
1118 1117 1117 1118

3 Reference 9 b Reference 10.
(

Y | I y y  -  o t z y ^ E z l2 (6 )

j Aqueous 1 1| x  = c x x x ^ E x  I2 + oyx^ F yl2 (7)
Phase 3 , n, solution

“ i and

Phase 2 , n g ■ '■ 1- : Monolayer: ‘ I l \ Y =  O iX Y ^ E x ^  + ayy^ E yj2 (8)

Phase I

Figure 4. Geometry of total reflection method for Raman measure
ments of a monolayer at the interface between carbon tetrachloride 
and an aqueous solution.

where the first subscript of I  refers to the excitation polar
ization and the second to that of Raman radiation, and a x Y  
etc. are elements of the derived polarizability tensor which 
is based on the space-fixed axes.

Using proper values, m  = 1.46 for carbon tetrachloride, 
n s  = 1.34 for dilute aqueous solution, and \p = 84°, and 
making the assumption that n s  = 1.43 for the adsorbed mo
nolayer, from eq 1-3 we have

the penetration depth, the electric field of the evanescent 
wave in the total reflection can be assumed constant over 
the monolayer thickness. For the incident polarized lights 
with electric vectors parallel and perpendicular to the 
plane of incidence, the electric field amplitudes7 in the mo
nolayer are given by

_____ 2 (sin2 4/ -  n3i2) 172 cos ip_____

(1 -  n s i2)1/2i(l + n s \2) sin2 \p -  «3i2!1/2 ™

________ 2 n 322 sin ^ cos ^________
( 1  -  n3i2)1/2f(l + n s i2) sin2 \p -  n si2|1/2

and

E Z
_ 2 c o s j/ _  0 

( l - n 3i2) 1/2 X
(3)

where m j  = n j n j  is the ratio of the reflective index of 
phase i  to that of phase j ,  \p the angle of incidence, and E \\°  
and E ± ° the incoming amplitudes for the parallel and per
pendicular polarizations, respectively. E z  represents the 
electric field amplitude for perpendicular polarization E ± ,  
and that for parallel polarization E  j| is expressed by

E \\ = t \ E x \ 2 + |£yj2) 1/2 (4)

When the Raman radiation due to the evanescent wave 
is observed along the Z  axis, four geometries of polarization 
measurements are available as a consequence of a combina
tion of two polarization directions of the excitation (paral
lel and perpendicular to the plane of incidence) and two 
polarization directions of the Raman radiation (parallel to 
the X  and Y  axes). The Raman intensities13 obtained by 
these polarization geometries will be proportional to

I  ± x  = & z x 2\ E z \ 2 (5)

\EX \2 = 0.0415|£||°|2 (9)

\Ey\2 = 0.216|£||°|2 (10)
and

|£z|2 = 0.277|£_l °|2 (11)

The next task is to express the elements a x  y etc. in 
terms of elements a xy etc. which are based on the principal 
polarizability axes of the molecule. 13’ 14 To do this, it is con
venient to assume a type of orientation of the MO molecule 
and to use the transformation matrix 4> relating the coordi
nate system X ,  Y , Z  (designated F ), and the system x , y ,  z  
(designated g )  under the assumed type of orientation. 
Using the elements $F g , we may write

OiFF' = L  ^F g^F 'g ’ Oigg’ (12)
g g '

Here, it is reasonable to assume that the MO molecules 
in the monolayer are uniaxially oriented with respect to the 
Y  axis which is normal to the interface, the X Z  plane. This 
is indicated in Figure 5, where the long axis of the molecule 
(the z axis) is rotated around the Y  axis with an angle 0, 
and the molecular x  and y  axes are free to rotate around 
the z  axis. Under the present assumption of uniaxial orien
tation, $Fg may be given by the direction cosines between 
the F  axes and g  axes as functions of Eulerian angles. 15 The 
required terms are obtained by averaging over two Eulerian 
angles other than 0; one refers to the rotation of the MO 
molecule around the z axis, and the other to the rotation of 
the z axis around the Y  axis.

a FF'2 =  [ Z ^ F g i F g ’ a g g 'j (13)

Since for the MO molecule it has already been known from 
the measurements of the depolarization ratio of the bulk
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*' Figure 5. Uniaxial orientation of the z axis of MO in monolayers with 
respect to thé Y axis.

aqueous solution that only one diagonal element a gg has an 
exceptionally large value as compared with other elements, 
eq 13 becomes very simple. For two cases in which a zz is 
largest (case 1 ), and where either a xx or a yy is largest (case
2), the results are summarized in Table II whtre expres
sions of six a p F 2 ’s in eq 5-8 are given as coefficients of 
oig g 2 In Figure 6 , they are shown as a function of 6.

Snyder14 has derived the Raman activities for two spe
cial cases (0 = 0 and 90°) of uniaxially orientated molecules 
without any restriction of the values of a gg' ’s. Our results 
coincide with Snyder’s, when ours are applied to these spe
cial cases of 0 and at the same time, Snyder’s are applied to 
cases 1  and 2 .

Since the transition moment of the electronic absorption 
band of MO at 460 nm is assumed to be parallel to the long 
axis (the z axis) of the molecule,6 all a gg’ ’s except a zz may 
vanish, that is, case 1 may be true in this case. 11 Thus we 
have

I ± x  = 0.0346 sin4 0|E±o|2a „ 2 (14)

7±y = 0.139 sin2 0 cos2 0)£x °|2a Z22 (15)

7|,x = (0.0156 sin2 0 + 0.108 cos2 0) sin2 ¿ \E \t° \2a zz2 (16)

and

7n y = (0.0208 sin2 0 +  0.216 cos2 B) cos2fl) £  n°|2«^ 2 (17)

From eq 14-17 and Figure 6 , the following polarization pat
tern is expected: (1 ) when 6 = 0 °, only a y y 2 has nonzero 
value and therefore only 7||y is observable with relatively 
large intensity. (2) When 6 = 90°, on the other hand, axx2 

and azx2 have nonzero values and therefore 7||x and I Lx 
are observable, although these intensities are as small as l/ u  
and (4 of 7|jy at 9 = 0°, respectively, if 7?||° = E ± °. (3) When 
6 is an intermediate value between 0 and 90°, all of the six 
a p F 2’s have certain values and therefore the Raman spec
tra can be observed for all of the four polarization geome
tries. In this case, from eq 14-17, we have the ratios

/ | v  1
-  ~  tan2 6 (18)

I ± Y  4

and

7||x 3 tan2 6 + 20.8
---- = ------- ——------- tan2
7j|y 4 tan2 6 + 41.5

(19)

Experimentally, each ratio is obtained by measuring the in
tensities of the Raman bands recorded by changing the po
larization of the Raman radiation in turn from the X  to Y  
directions at a fixed polarization direction of the exciting 
light (either perpendicular or parallel to the plane of inci
dence).

Figure 7 represents the polarized Raman spectra of MO 
in the adsorbed monolayer obtained for the four polariza
tion geometries. For the all geometries, the Raman spectra 
of MO can apparently be observed on the background due

TABLE II: Raman Scattering Activities (Ccp-f.-'2) of 
Uniaxially Oriented Molecules Expressed as 
Coefficients of agg2

Direction
electric

field

of Polarization direction of Raman radiation

X y
Case 1 (aZ2 >> other elements)

X (3/8) sin4 0 (1 /2 ) sin2 0 cos2 1
Y (1 /2 ) sin2 0  c o s2 8 cos4 0
Z (1 /8 ) sin4 9 (1 /2 ) sin2 0 cos2 (

Case 2 (a** or a y y  >> other elements)

X (3/64) (3 cos4 9  + (1/16) sin2 0 (3
2 cos2 8 +  3 ) cos2 0  + 1 )

Y (1/16) sin2 8  (3 (3/8) sin4 0
cos2 6 + 1  )

Z (1/64) (3 cos4 0 + (1/16) sin2 0 (3
2 cos2 0 + 3)

T—1 +'I«Oo

Figure 6. Raman scattering activities (o f f ’2) of uniaxially oriented 
molecules as a function of 6: case 1, a zz »  other elements; case 2, 
a xx or ayy »  other elements (see text).

to carbon tetrachloride.16 This fact suggests that 8 is nei
ther 0 nor 90° and is an intermediate value. Since, unfortu
nately, the accuracy of the Raman intensity measurements 
is not so good owing to the very low S/N value, after more 
than ten measurements of intensities, the mean values of 
the ratios I ± x / I ± y  and I \ \ x / I \ ] y  were obtained to be 0.80 
and 0.77, respectively, for the phenyl-N stretching band at 
1143 cm- 1 . A correction for the polarization character of 
the monochromator was applied to these values. Substitu
tion of these values into eq 18 and 19 gives the 6 values of
60.8 and 50.3°, respectively. Although it was unable to get 
one 9 value which simultaneously satisfied both of eq 18 
and 19, the magnitude of this discrepancy may be allowed 
at present, taking account of the low accuracy of the 
Raman intensity measurements as mentioned above. Thus 
it may be concluded that the long axes of the MO mole
cules are tilted in the adsorbed monolayer with a large 
angle of 50-60° with the Y  axis. An attempt to improve the
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1400 2 0 0  1000 1400 1200 1000
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Figure 7. Resonance Raman spectra of MO in the adsorbed mono- 
layer obtained with four polarization geometries.

S/N value is now being made by means of the time averag
ing using a computer in real time. Unipoint multiple reflec
tion techniques17 may also compensate fat weakness of 
scattered Raman radiation.

It should be noted here that we measured the resonance 
Raman .spectra of the M 0 dye and could discuss only about 
the orientation of these dye molecules. No information

could be obtained about the C T A B  surfactant, which may 
play an important role in the adsorption and formation of 
the monolayer at the interface. From this point of view, a 
succeeding study is in progress by using surface-active dyes 
which give rise to the resonance Raman effect for the excit
ing lights of Ar+ laser.

The total reflection method described in this pajjer may 
be applied to studies of thin layers not only at liquid-liquid 
interfaces but also at liquid-gas and liquid-solid interfaces.
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Raman Spectra of Rhombic Sulfur Dissolved in Secondary Amines

Francis P. Daly and Chris W. Brown*

Department of Chemistry, University of Rhode Island, Kingston, Rhode Island 02881 (Received June 30, 1975)

Raman spectra of rhombic sulfur dissolved in di-n-butylamine, di-n-propylamine, and dimethylamine 
have been measured for the first time. Bands due to S42- and S8n_ were observed in the spectra of the di- 
n-butylamine and di-n-propylamine solutions, whereas only bands due to S sn ~  appeared in the spectrum 
of the dimethylamine solution. Comparison of the results on secondary amine solutions with our previous 
results on primary amines indicates that the ability of secondary amines to form small ionic sulfur species 
is less than that of primary amines.

The Raman spectra of rhombic sulfur dissolved in ethyl- 
enediamine, n-propylamine, and monomethylamine have 
been reported previously.1 ’2 New bands observed in the 
100-600-cm” 1 region were attributed to the open chain 
polysulfides Ssn_, S42“ , and S3- . In this note we report the

Raman spectra of rhombic sulfur dissolved in the following 
secondary amines: di-n-butylamine, di-n-propylamine, di- 
n-propylamine, and dimethylamine.

Raman spectra were measured using a Spex Industries 
Model 1401 double monochromator with photon counting
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TABLE I: Vibrational Frequencies (cm-1) and Relative Intensities of Bands Assigned to Open Chain Polysulfides 
in the Raman Spectra of Rhombic Sulfur Dissolved in Primary and Secondary Amines

Ss in 
EDA

S, in 
C3H7NH,

S, in 
CH3NH3

S, in
(C4H,)2NH

S, in
(C3H,)2NH

S, in
(CH3)3NH Assi

195 vw 193 vw S ’ -
234 vw 227 w (p = 0.81) s 8« -

24 jv w 242 vw 250 w S ’ -
297 w 285 w 282 w 272 w (p = 0.63) S8"-
396 vs 397 vs 399 vs 396 vs 398 vs 402 vs (p = 0.38) S , 2~
434 s 438 s 437 s 439 s 439 s S ’ -
502 m 505 m 502 m 500 m 500 m S ’ -
533 s ‘ 534 w 535 s S3-

and S,"

Figure 1. Raman spectra of (a) di-n-butylamine and (b) ~10 1 M sul
fur In di-n-butylamine.

detection and a C.R.L. Model 52-A argon ion laser emitting 
at 4880 A (<150 mW power at the sample). All spectra were 
measured with a spectral slit width < 8  cm-1 . Di-n-butyl- 
amine and di-n-propylamine were contained at 24 ± 1  °C 
in sealed Pyrex capillary tubes with an inner diameter 
greater than 1.2 mm. Dimethylamine was liquified under 
vacuum at —70 °C in a Raman cell designed for low-tem- 
perature liquids.3

The Raman spectrum of a 10- 1  M solution of sulfur dis
solved in di-n-butylamine is compared to the spectrum of 
the solvent in Figure 1. New bands are observed at 234, 
250, 285, 396, 439, and 500 cm-1. The Raman spectrum of a 
10- 1  M solution of rhombic sulfur in di-n-propylamine 
shown in Figure 2 is similar to that of Sg in di-n-butyl- 
amine with new bands at 282, 398, 439, and 500 cm-1. 
Bands below 270 cm - 1  were obscured by Rayleigh scatter
ing.

Dimethylamine was chosen as the third amine for this 
study because it does not havd bands in the spectral region

F R E Q U E N C Y . C M -1

Figure 2. Raman spectra of (a) di-n-propylamlne and (b) ~10_1 M 
sulfur in di-n-propylamlne.

of interest. The spectrum of sulfur dissolved in dimethyl
amine is shown in Figure 3. This spectrum is unlike those 
of sulfur in all of the other primary and secondary amines, 
since only three new bands are observed at 227, 278, and 
402 cm-1.

The frequencies and assignments of the bands in the 
Raman spectra of sulfur dissolved in the six primary and 
secondary amines are summarized in Table I. In all three 
primary amines a band assigned to S3-  is observed at ~535 
cm-1 ; however, this band is absent in the spectra of sulfur 
in the secondary amines. Bands assigned to S42- and Sga- 
in the spectra of sulfur dissolved in primary amines are also 
observed in the spectra of sulfur in di-n-butyl- and di-n- 
propylamine; however, the bands assigned pure.y to S42- 
(e.g., 439 and 500 cm-1 ) are not as intense relative to the 
S8n_ band (~400 cm-1) in the spectra of the secondary 
amine solutions. In the spectrum of sulfur dissolved in di
methylamine only bands assigned to Sg'1- are observed.

The present results indicate that the ability of secondary 
amines to form small ionic species from sulfur is less than 
that of primary amines. This does not mean that S3- , for
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F R E Q U E N C Y ,  C M ' 1

Figure 3. Raman spectrum of ~10_1 M sulfur in dimethylamine 
measured at —70 °C; dimethylamine does not have bands in the re
gion of interest.

example, is not formed in the secondary amines, but rather 
that the rate of formation is much slower. Our previous re
sults1 '2 showed that in primary amines the amounts of S3-  
and S / -  increased with time. In the secondary amines S3-

cannot be detected and S42- is observed only in the room 
temperature solutions, i.e., it is not found in the spectrum 
of sulfur in dimethylamine which was measured a t —70 °C. 
These results are in agreement with those of Davis and 
Nakshbendi,4 who observed that the first-order rate con
stants for color changes of sulfur in amines decreased.in the 
order of primary > secondary > tertiary.

In our previous reports1 -2 the existence of S3_ and S42- 
fn amine solutions was supported by similar bands for 
these species in spectra of other systems. However, due to 
the presence of these species and overlapping bands, we 
could only suggest the presence of a third species (Ss'1-’): 
The present spectrum of sulfur in dimethylamine, in which 
bands due to S3-  and S42- are absent, confirms the sugges
tion that the strong band at 400 cm- 1  is also due to the 
Ssn_ open chain polysulfide.

A c k n o w le d g m e n t . We wish to express our appreciation 
to the National Science Foundation for a matching grant 
which made possible the purchase of the Raman instru
mentation.
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Temperature Dependence of a Process Competing with 82-S i  
Internal Conversion in Indole and Phenol in Aqueous Solutions
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The drop in 0 f with decreasing excitation wavelength, previously attributed to ionization from the S 2 state, 
increases substantially with increasing temperature for both indole and phenol in aqueous solution. Addi
tion of 2 -propanol to the solvent reduces the drop in <j>{ but not its activation energy which on the other 
hand depends significantly on the solute. 0 eaQ- measured upon excitation of the S2 state of indole in H2O 
increases from 0.09 at 25 °C to 0.17 at 65 °C. The results are interpreted in terms of an intermediate charge 
transfer to solvent state (CTTS) populated from S2. In the 2-propanol-water solvent the formation of this 
CTTS state appears to be governed primarily by interaction of the excited solute with water molecules.

Introduction

As reported previously, the fluorescence quantum yield 
0 f of indole and of the aromatic amino acids tryptophan, 
tyrosine, and phenylalanine is not independent of the exci
tation wavelength Xx, but shows a considerable drop with 
decreasing Xx between 250 and 220 nm. 1-2 Outside this re
gion <f>f is constant. Similar data have been reported for 
phenol.3 As a convenient measure of the drop in <t>f we use

A0f = [0f(>25O nm)/0f(<22O nm)] — 1 (1)

The wavelength at which the drop in <p{ occurs coincides 
approximately with the onset of the absorption associated 
with the second excited state S2 of the solute, indicating 
that it is caused by a process that competes efficiently with 
internal conversion from S2 to the fluorescent Si state. For 
the case of tryptophan, which is the amino acid derivative 
of indole, it was found that the drop in <p( is accompanied
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by a sharp rise in the quantum yield of photoionization, 
$eaq-, showing that this may be the process that competes 
with internal conversion from S2.2’4 To distinguish possible 
photoionization. mechanisms, the effect of solvent polarity, 
as measured by the static dielectric constant, on A0 f has 
been, studied4 and indicates that the ionization occurs via 
an intermediate state, i.e., a charge transfer to solvent 
(CTTS) state. In the present work we have tried to further 
elucidate this mechanism by studying the temperature de
pendence of A</>f.

Experim ental Section

A monochromatic light beam, produced by a D2 lamp fit
ted to a grating monochromator, fell on the sample solution 
in a 1 X 1 cm2 quartz cell. The solute concentration of 5 X 
10-3 M for indole and 1 X 10~2 M for phenol is sufficient 
for total absorption at all excitation wavelengths (Ax) less 
than 280 nm. (For phenol this condition is not fulfilled be
tween 225 and 245 nm.) The fluorescence was detected at a 
1 0 ° angle to the excitation beam by a second monochroma
tor with a photomultiplier tube at the exit slit. The excita
tion and emission light beams were collimated to minimize 
effects of scattered light. Details of the apparatus are given 
elsewhere.2

With the emission monochromator set at the fluores
cence maximum, the excitation monochromator scanned 
the spectrum from 190 to 300 nm. The wavelength depen
dence of 4h  was obtained by comparing the output signal, 
¿i(A.x), for indole or phenol with the signal, ¿r(Ax), obtained 
when the sample was replaced by a 3 g/1. solution of rhoda- 
mine B in ethylene glycol, the fluorescence quantum yield 
<t>f° of which is independent of \x, and which therefore 
served as a quantum counter. Thus the fluorescence quan
tum yield of indole or phenol is

</>f(Ax) “ di(K)/iR(K))4>{°

In the present experiments the sample cell was enclosed 
in an insulated metal housing which has slits for the excita
tion and emission light and which can be heated by a heat
ing element in its base or cooled by the N 2 boil-off from a 
Dewar containing liquid N2 and a heating element fed 
through a Variac. The temperature was measured by a 
thermocouple which was immersed in the solution.

The quantum yield of eaq~ from indole was measured by 
the oxidation of ferrous ion in 0 .1  M sulfuric acid as de
scribed elsewhere.4 In order to correct for the autooxida
tion of Fe2+ that may occur at high temperatures, the yield 
of Fe3+ was also measured for a Ax of 310 nm which is just 
outside the absorption spectrum of indole. At room tem
perature this yield was found to be negligible, whereas at 6 6  

°C it amounted to about 10% of that obtained for Ax 220 
nm.

Rhodamine B and phenol were Merck analytical grade, 
indole was from BDH, ethylene glycol was “ Chromatoqual
ity” from Matheson Coleman and Bell, 2-propanol was 
from A/S Vinmonopolet, and water was redistilled from al
kaline KMnC>4. All solutions were saturated with air.

Results

In Figure 1 are depicted typical recorder traces as ob
served upon scanning the excitation spectrum of rhoda
mine B and of indole in H20 at two different temperatures 
as well as the resulting wavelength dependence of 4>f for in
dole. It can be seen that the drop in 4>f between 250 and 220 
nm is significantly larger at the higher temperature. On the

Figure 1. The intensity at the fluorescence maximum a s  recorded by 
scanning the excitation wavelength Ax for 3 g/l. o f rhocam ine B in 
ethylene glycol (I) and for 5 X  10- 3  M indole in H20  at 1 °C  (II) and 
at 58 °C  (III). Curves IV and V are the resulting dependence o f <-6, on 
Ax for the indole solutions, as calculated with the assumption that <f>, 
for the rhodamine B solution is independent o f Ax.

T (K)
280 300 320 3 i 0

Figure 2. The temperature dependence o f the drop in Atfif that o c 
curs between Ax 250 and 2 2 C nm: (+) indole in H20 ;  (X) indole in 
D20 ;  (A ) indole in 2-propanol-H 20  (2:7 by volume); and (O) phenol 
in H20 .

other hand, the wavelength at which this drop occurs is in
dependent of temperature. This wavelength is the same 
also in various alcohol-water solvents and is independent 
of the static dielectric constant cs of the solvent.5 For all 
samples the fluorescence spectra obtained with Ax of 215 
and 275 nm are identical at both high and low tempera
tures. Placing the sample between crossed or uncrossed po
larizers also had no effect on fluorescence spectra. The 
value of Ac/)f is independent of the concentration of indole 
over the region studied, i.e., between 1 X 10~ 3 and 1 X 10- 2  

M, and is not affected by ionic strength as observed by ad
dition of 1 M NaCl.

Figure 2 shows the temperature dependence of A$f for 
the various solutions studied. It can be seen that A</>f for in
dole is considerably smaller in the 2 -propanol-water mix
ture than in aqueous solutions. As described previously,5 

this difference can be correlated with the lower value of cs 
in the former solvent. In various alcohol-water mixtures 
A(/>{ has been found to decrease with es and to reach zero for 
cs ~  40,5 the decrease being independent of which alcohol 
was used, indicating that A^f depends on es rather than on 
the chemical composition of the solvent. On the other 
hand, it can be seen from Figure 2 that A0 f is noticeably 
smaller in D20 than in H20 although e s  for these solvents is 
the same within close limits.6 Also, the temperature depen-
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TABLE I: Activation Energies AE  of A 0f and A0 fcor and Temperature Dependence of 0eaq-  for Various 
Solute-Solvent Systems ___________________________________________

Solute Solvent
A£(A0f),a
kcal/mol kcal/mol 0eaq-(25 °C) ^eaq-(65°C )

Indole H.O 4.0(< 15 ° C) 8 .8 0.09* 0.17*
2.2(>60 ° C)

Indole D,0 4.2(< 15°C ) 8 .8

2.2(>60 °C)
Indole 2-Propanol- 4 .2(< 15°C ) 8 .1

H20  (2:7 by vol) 2.3(>60°C)
Phenol h 2o 1.5

<¡±0.5 kcal mol '. *+10%.

TCC)

Figure 3. Arrhenius plots of A</>,. For identification of the curves see 
Figure 2.

dence of A</>f of phenol in H20 is different from that of in
dole in H20.

Arrhenius plots of A</>f, i.e., plots of In (A0 f) vs. 1 I T ,  de
viate significantly from straight lines for all of the indole 
solutions as demonstrated in Figure 3. For these solutions 
the tangents to the Arrhenius plots above 60 °C and below 
15 °C correspond to activation energies of 2 .2  and 4.0 kcal/ 
mol, respectively (Table I). For the phenol solution, on the 
other hand, the results are consistent with an activation en
ergy of 1.5 kcal/mol over the entire temperature region.

Since A0f is a function of es, which decreases considera
bly with increasing temperature, the temperature depen
dence of A0>f is likely to be a composite effect. This assump
tion is supported by the curved Arrhenius plots for the in
dole solutions (Figure 3). Consequently we have corrected 
the observed values of A</>f for the temperature dependence 
of fs according to

A0 0 °r =  A0 f(is°, T )  =
A0dcs, T ) A0 f((s°, T ° ) / A0 f(fs, T ° )  (2)

where <s° is is at some reference temperature T ° ,  e.g. 296
K. Data on the temperature dependence of es were taken 
from the literature6 ’  and for the es dependence of A0 f we 
have used our previous data for indole in methanol-water 
mixtures.5 These data cover only the region es < 80, which 
limits the temperature region for which the correction 
could be carried out in water to T  >  293 K. For phenol the 
i s dependence of A</>f is not known so a similar correction 
cannot be performed for this solute.

As shown in Figure 4 Arrhenius plots of A</>fcor yield ap
proximately straight lines, although at high temperatures 
the data deviate noticeably from this trend. The activation

TIK)
340 320 300

Figure 4. Arrhenius plots of values of A0, that have been corrected 
for the dependence of ts on temperature. For identification of the 
curves, see Figure 2.

energies A E  that have been calculated from Figure 4 are 
given in Table I. It can be seen that A E  is the same for H20  
and D20  and that it does not seem to be affected by the 
presence of 2 -propanol.

The value of 0e„q-(22O nm) for indole in H20  has been 
determined at two different temperatures. The results, 
given in Table I, show that </>eaq~ increases by almost a fac
tor of 2 in going from 25 to 65 °C. In comparison G ( e aq~  +
H) in the radiolysis of aqueous solutions increases only by 
about 4% over the same temperature region.8 In a previous 
study,4 it was found that the number of eaq~ scavenged by 
Haq+ was the same at pH 1 and 3, indicating that all eaq_ 
produced are included in the measured values of </>eaq~, i.e., 
that cation-electron recombination is not significant. We 
note that our quantum yields at 220 nm (S2 excitation) are 
less than those at 265 nm (Si excitation) recently reported 
by Bent and Hayon.9 Since we have also found that the Si 
ionization yield is only about 10% of the S2 ionization yield4 

there seems to be a considerable discrepancy which we do 
not understand. It is possible that biphotonic ionization 
may have been important in Bent and Hayon’s experi
ments.

Arrhenius plots for the decrease of fluorescence intensity 
at 280 nm vs. temperature for indole and phenol solutions 
are shown in Figure 5. The activation energy at high tem
peratures for this fluorescence quenching of indole in H20, 
D20, and the 2-propanol-water solvents is A E  = 10.7 kcal/ 
mol and for phenol in H20  is A E  =  3.6 kcal/mol. The re
sults for indole are in good agreement with those of Kirby 
and Steiner. 10
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T (K)
360 340 320 300 280

Figure 5. Arrhenius plots of the fluorescence quantum yield of indole 
and phenol solutions. For identification of the curves see Figure 2.

Discussion

The present results substantiate our previous conclu
sion2’4'5 that ionization from higher excited states of in
doles may compete favorably with internal conversion. At 
elevated temperatures </>e6q-(220 nm) may exceed 0.2. 
Hence, the formation of eaq~, or at least the first step in 
this process, takes place within a few picoseconds which is 
probably the lifetime of the higher excited states. The drop 
in $f, which accompanies the photoionization from the 
higher excited states of indoles, has been observed also for 
the aromatic amino acids1 and phenol (Figures 2 and 3). 
Hence, it appears that ionization from higher excited states 
takes place with significant yield in a wide variety of mole
cules.

Other workers11 have reported that ionization competes 
effectively with vibrational relaxation to the lowest vibra
tional level of the Si state in (S-naphthols. Efficient ioniza
tion from higher excited states is also known to occur in 
Mo(CN)84- and FeCN44~.12,13 However, the photoioniza
tion of Fe(CN)64- is believed to occur at least in part from 
C TTS states which are formed directly by the absorption 
of light. This does not seem to be the case for indole. In 
comparing the absorption spectrum of indole in H2O with 
the spectra observed in various alcohol-water mixtures, 
where A$f and hence the yield of photoionization is negligi
ble, we have found that there are no features indicative of 
direct excitation of a CTTS state in this molecule. The 
same conclusion was reached for the /3-naphthols.11

The excitation energy of the S2 state of indole, from 
which the ionization occurs, is about 5.3 eV. This is about
2.5 eV below the gas phase ionization potential,14 and prob
ably at least 1.5 eV below the conduction band in H2O . 15 

Hence, the electron must be transferred to the solvent 
without the intermediacy of a quasifree state or a conduc
tion band. The time needed for this transition from aro
matic molecules is not known. However, Rentzepis et al.16 
observed that the absorption spectrum of eaq_, produced 
by photoionization of Fe(CN)64_, is fully developed in 
about 4 psec.

From our previous studies we came to the conclusion 
that the formation of eaq_ from S2 probably occurs via an 
intermediate state, i.e., a CTTS state, rather than directly 
from the S2 state. A similar mechanism has been suggested 
for the ionization from the Si state of other aromatics.17-18

The present results seem to support such a mechanism as 
depicted schematically in Figure 6. Using the designations 
in this figure, A0f as defined by eq 1 is

A</>f — k x/k  ic ( 3 )

and also

0eaq-(22O nm) = p k j ( k x + k ic) (4 )

where p is the fraction of CT T S states that leads to an ob
servable yield of eaq_. If p is less than unity, ionization 
must occur via an intermediate state in competition with 
some relaxation process that does not lead to the fluo
rescent Si state. Alternatively, a value of p less than unity 
might be explained by cation-electron recombination, i.e., 
that not all eaq~ is detected by the present actinometer. 
However, since <f>e„q- is the same at pH 1 and 3 as noted 
above, electron-cation recombination appears to De insig
nificant. The factor p is given by

p = <t>eaq-(220 nm)(l + 1/A0f) (5)

The values calculated from the present data on indole in 
H20  (Figure 2 and Table I) are p = 0.27 at T  = 25 °C and 
p = 0.37 at 65 °C. These values are perhaps 10% too large 
since the measured values of $eaq-(220 nm) also include a 
small yield of eaq~ from the Si state. In tryptophan, the 
yield of eaq~ from Si is about 10% of the eaq_ yield from S2 
at room temperature.4 Hence, we find that p is definitely 
smaller than unity, supporting the involvement of an inter
mediate state in the ionization process.

The activation energy, AE ,  of A0f is positive indicating 
that the temperature dependence of k x is greater tnan that 
of k ic (see Figure 6). The temperature dependence of the 
formation of the C TTS state can have several origins. Es
sentially it should be related to the changes in solvation of 
the excited solute compared to its ground state. This can 
involve the static dielectric constant, i.e., the polarizibility 
of the solvent, its dielectric relaxation time, and specific so
lute-solvent interactions. We have shown previously that 
<t>f depends on the static dielectric constant fs,6 but, as 
shown here, the temperature dependence of is cannot ac
count for all of the variation of A fa . We are left with the 
temperature dependence of A(pfC01 which follows Arrhenius 
behavior. The dielectric relaxation time rr of the solvent, 
H2O, does not follow Arrhenius behavior.19’20 Thus, AE  for 
Tr varies from 4,2 kcal/mol at 10 °C to A E  = 3.0 kcal/mol 
around 70 °C.20 These values compare well with tnose ob
tained for AE  of <t>f of the indole solutions (4.0 and 2.2 kcal/ 
mol), but not with the constant value (AE = 1.5 kcal/mol) 
found for phenol. Thus, we feel that neither the dielectric 
constant nor the dielectric relaxation time are the sole fac
tors that are responsible for the temperature dependence of 
A<j>f. It should be kept in mind, however, that both these 
factors are macroscopic parameters whereas the pnenome-
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na we study here depend on the microscopic properties of 
the medium.

The activation energies for A fa  can also be compared to 
those for fluorescence quenching of indole derivatives 
which has been attributed to electron ejection from Si by 
Kirby and Steiner. 10 As seen from Table I, however, the ac
tivation energies for fluorescence quenching and for photo
ionization from S2 are clearly unrelated, supporting the 
previous conclusion2’4 that these processes occur by differ
ent mechanisms.

The difference in activation energy of A0 c between in
dole and phenol in H20  suggests the intimate involvement 
of solute in the temperature dependence of A0 f. Thus, spe
cific solute-solvent interactions are obviously implicated. 
Within experimental limits there is no difference in the ac
tivation energy of A0 f between H20  and the H20-2-propa- 
nol mixture. This result may suggest that the interaction 
between the excited solute and water molecules dominates 
in the formation of the CT T S state, whereas the alcohol 
largely diminishes the number of H20  molecules surround
ing the solute and thereby effects the observed reduction of 
A0f.

Conclusions

This work and previous work indicate that for indole and 
a number of aromatic molecules, excitation by light into S2 

can result in the production of solvated electrons with high 
efficiency in solutions of high dielectric constant. These 
solvated electrons appear to be formed from a C TTS state 
which can be populated from S2 at a rate competitive with 
internal conversion to Si. The activation energy for popula
tion of the C TTS level appears to depend on the solute;

while the formation of the CT T S state is dependent on the 
dielectric constant. These results have interesting implica
tions for the photochemistry, and possibly also for the radi
olysis of proteins and related compounds.

A c k n o w le d g m e n t . This work was supported by NATO 
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and Development Agency under Contract No. E (ll- l)-  
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Fluorescence Quenching of Indole and Model Micelle Systems1
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Acrylamide quenching of indole fluorescence proceeds via both a dynamic and a static process. The rate 
constant for the dynamic process has a diffusion limited value of about 7 X 109 M - 1  a-1. The static quench
ing component can be described by the expression exp(V[Q]) with V  values being about 2.0 M-1 . The pos
sible physical interpretations of the static parameter, V , are discussed, particularly as they relate to the 
local distribution of quencher molecules in ordered systems. To demonstrate the potential utility of acryl
amide, along with other quenchers, in providing topographical information about ordered systems, quench
ing studies are presented for an indole-micelle complex, a crude model for a protein. Both the collisional 
and static quenching components furnish insight as to the positioning of the indole ring in the micelles. 
Whereas the action of ionic and hydrophobic quenchers is exaggerated in the micelle study, acrylamide ap
pears to be a perfectly neutral quenching probe.

Introduction

Fluorescence quenching reactions2-8 have been recently 
applied to studies with highly ordered biological macromol
ecules, such as proteins.9-13  An important class of fluoro- 
phors in proteins are the tryptophan residues, which have 
indole as their side chain. The position assumed by an in

dole ring in a globular protein will determine the ease with 
which its excited state will be deactivated by the bombard
ment of quencher molecules from the solvent. For this rea
son, the quenching rate constant should provide a kinetic 
measurement of the residue’s exposure to the solution.

This experimental strategy would hold if the exposure of
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a residue were determined solely by the amount of steric 
shielding provided by the protein. However, any specific 
interaction between the quencher and the protein will jeop
ardize this interpretation. For example, if the quencher 
used in this type of study carries a charge, which is almost 
always the case, 1 1 1 2  electrostatic effects may have a domi
nating influence on the rate of quenching. 14 It is obvious 
that in order to obtain an unambiguous evaluation of the 
exposure of a tryptophan in a protein, an uncharged 
quencher, which has no tendency to bind to the protein in 
any particular fashion, must be used.

In our laboratory, we have found acrylamide to be a very 
useful quenching probe for topological studies with pro
teins.9,13 In this communication, we will examine the fun
damental aspects of the acrylamide quenching reaction in 
order to lay a foundation for its use as a probing technique. 
Some physicochemical studies of the reaction will be pre
sented. along with a discussion of the manner in which the 
data may be analyzed, emphasizing the more practical in
terpretations of the kinetic process. The attributes of some 
other quenching agents will be considered for comparison 
with acrylamide. Finally, an example of the type of struc
tural information that can be gained by quenching experi
ments involving acrylamide, as well as other quenchers, will 
be exhibited by studies with a model micelle system.

Experim ental Section

M a t e r ia ls .  The following commercially obtained chemi
cals were recrystallized in the solvents mentioned in paren
theses before use: acrylamide (ethyl acetate), indole (hex
ane, twice), 5-methoxyindole (cyclohexane), pyrene (etha
nol, twice), naphthalene (ethanol), sodium dodecyl sulfate 
(ethanol), and cetyltrimethylammonium bromide (etha
nol). 1-Methylindole, which along with 5-methoxyindole, 
was a generous gift from Dr. R. Lumry, was purified by vac
uum distillation. Optical grade CsCl was obtained from 
Schwarz Bioresearch Inc., and EuC13 from Apache Chemi
cals Inc. The solvents, glycerol and dioxane, were specto- 
quality from Matheson Coleman and Bell, and the ethanol 
was absolute. Ultrapure urea and guanidine-HCl (GuHCl) 
were Schwartz-Mann products. All other chromophores, 
quenchers, and salts were obtained commercially and used 
without further purification. Water was distilled.

M e th o d s .  Fluorescence intensity measurements at ambi
ent temperatures were made on a Farrand Mark I spectro- 
fluorometer, equipped with a magnetic stabilizer for the 
xenon arc light source. Bandwidths of 5 nm were routinely 
used. For temperature-dependence studies, a Perkin-Elmer 
MPS-3 spectrofluorometer, equipped with temperature 
controls, was used. A YSI Tele-thermometer was employed 
to measure the temperature in the cuvets immediately 
after fluorescence measurements. For both of these instru
ments, the lamp intensity was found to be extremely stable 
over the time course of the quenching experiments. In 
every study reported involving an indole derivative, the 
shape and position of the emission spectrum were not no
ticeably altered by the addition of quencher. The intensity 
at the emission maxima was, therefore, monitored in the 
quenching studies.

The quenching experiments were performed by using a 
couple of different routines, both giving the same results. 
In one, the fluorescence of a series of samples, containing a 
constant amount of fluorescent compound and a graduated 
amount of quencher, was measured. However, it was found 
more convenient tc simply add small aliquots (i.e., 1 - 1 0  ¿d)

Fluorescence Quenching of Indole and Model Micelle Systems

of a very concentrated quencher solution to about 2 .5  ml of 
a single sample solution in a fluorimetric cuvet, having an 
optical density of 0 .1  or less at the excitation wavelength. 
After each addition, the solution was gently agitated by in
version and the fluorescence intensity measured. With this 
procedure, which permits an experiment to be performed 
in about 15 min, a high degree of precision may be ob
tained. Errors due to serial sample preparation, transfer
ring of solutions, and instrumental drift can be minimized. 
Corrections for the dilution of the fluorescent material 
were made when necessary. The concentrated quencher so
lutions were, for example, 8  M acrylamide, 5 M Nal (con
taining ~10 - 4  M Na2S20 3 to prevent I3~ formation) or 10.4 
M trichloroethanol (pure liquid). With ionic quenchers, the 
Job method15 was often used in order to maintain a con
stant ionic strength with NaCl.

Certain of the quenchers, acrylamide and EuC 13, absorb 
light at the excitation wavelength, and a correction factor, 
antilog AOD/2, was applied for the attenuation of the inci
dent light16 (where AOD is the'incremental increase in the 
optical density at the excitation wavelength as quencher is 
added, and 0.5 cm is the effective path length of the cell).

In water, acrylamide has a molar extinction coefficient of 
about 0.23 at 295 nm, the X chosen to excite the indole de
rivatives, and is transparent at longer X where the emission 
is observed. In this study -he correction factor required for 
acrylamide was at most about 1 0 % and normally much less. 
Acrylamide quenching studies with tryptophan performed 
at an excitation X of 280 nm, where the screening factor is a 
factor of 10 greater, agree with those at 295 nm, indicating 
that the screening factor is a minor complication that is ad- 
equatly dealt with. However, in nonpolar solvents, such as 
dioxane, the absorption by acrylamide at 295 nm is much 
greater, and the correction factors become very weighty, 
thus limiting the studies in these solvents. For Eu3+, the 
screening factor is about the same magnitude as that for 
acrylamide.

Fluorescence lifetime measurements were performed as 
described previously13 on an instrument resembling the 
Model 9200 nanosecond fluorescence spectrometer 
(ORTEC) constructed by S. Stevens and J. W. Longworth. 
The lifetime measurements were well described by a single 
exponential decay, even when quencher was present.

For those indole derivatives for which lifetimes were not 
directly measured, they were either taken from the litera
ture, or estimated based on the proportionality between 
the fluorescence yield and lifetime17 (using the yield data 
of Kirby and Steiner18 when possible).

The micelle complexes were prepared by stirring and 
warming a 0.05 M sodium dodecyl sulfate or 0.02 M cetyl
trimethylammonium bromide solution with about 5 X 10~ 5 

M of the appropriate indole derivative for about 1 h. These 
detergent concentrations are well above the critical micelle 
concentrations.19 Approximately one out of every ten mi
celles would have an associated derivative. Also, the viscos
ity of the micelle solutions was not significantly different 
from that of water.

Solution viscosities were measured using an Ostwald vis
cometer and a water bath. Optical densities were measured 
on a Gilford 240 spectrometer.

Interpretation of Data

S t e r n - V o lm e r  R e la t io n s h ip .  In the quenching reaction 
between an excited state of a chromophore, M*, and a 
quencher, Q

487
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M* + Q (M* • • • Q) — (M • • • Q) + A (1)
k - d

the encounter complex, (M *-Q ), that is formed with a dif
fusion-controlled rate constant, fed, reacts to dissipate the 
electronic energy by some internal mechanism6 with rate 
constant, fe;. Stern and Volmer derived the following rela
tionship to describe collisional quenching under steady- 
state conditions:2,3,20

4o/4 = 1 + K SV[Q] = t0/t (2)

where 4 >o and 4, to and r are the yield and lifetime in the 
absence and presence of Q, respectively. K av is the colli
sional quenching constant which is equal to feqro. feq is the 
apparent rate constant for the collisional quenching pro
cess given by eq 1 , and is equal to fed when the efficiency of 
the quenching reaction, 7 , approaches unity (i.e., feq = 
yfed) . 2 In cases where the efficiency of the reaction is less 
than one, every encounter between Q and M* does not re
sult in quenching and feq is approximately equal to fedfei/ 
fe-d-21

P o s it iv e  D e v ia t io n s -S ta t ic  Q u e n c h in g . The data pre
sented in Figures 1, 2, 4, and 6  are Stern-Volmer plots ob
tained for a variety of systems by fluorescence intensity (F ) 
measurements. As can be seen, the plots are often curved 
upwards in a fashion similar to those found in many other 
detailed quenching studies.4'22-26 This type of deviation 
from the expected linear plot can be explained by the fact 
that only a certain fraction of the excited states is actually 
quenched by the collisional mechanism as described by 
Stern and Volmer.3 Some of the excited states are deacti
vated almost instantaneously after being formed because a 
quencher molecule happens to be randomly positioned in 
their proximity at the time they are excited. A number of 
models can be employed to describe this instantaneous, or 
static, quenching process, all leading to the following modi
fied form of the Stern-Volmer equation:

' i & T ! + * „ [ « - ?  ®

where V  is the static quenching constant. Three models, 
and the significance of V  in each, will be briefly presented.

T r a n s ie n t  E f fe c ts  M o d e l.  The complete Smoluchowski 
equation for diffusion-controlled reactions contains an 
often neglected transient term27

fed = 4 t N 'R D  +  4i?2(TrD)172i - 172 (4)

= (steady state rate parameter) + (transient term)

where N '  is Avagodro’s number per millimole, R  is the en
counter distance between the reactants, D  is the sum of the 
individual diffusion coefficients of the reactants, and t  is 
time. Retention of the latter term leads to an additional 
factor in the Stern-Volmer equation, which, according to 
Weller3 is approximately equal to exp( V[Q]).

S p h e r e  o f  A c tio n . Frank and Vavilov28 have suggested 
that instantaneous quenching results at those instances in 
a randomly distributed system that a quencher molecule 
happens to reside within a “ sphere of action” of volume 
V / N ' ( =  4jrr3/3) and radius r  surrounding a fluorophor at 
the time of excitation.

D a r k  C o m p le x  M o d e l.  In the model of Boaz and Rollef- 
son,22 instantaneous quenching follows the excitation of 
the ground state encounter complex, (M—Q„ ) . 29 The na
ture of this complex is defined such that no specific physi
cal contact is required; the quencher(s) need only be close

to (but not necessarily in contact with) the potential fluo
rophor. The association constant for such a weak complex 
is V  (=ifed/fe_d if the quencher is uncharged).

The transient effects model is undoubtedly the more rig
orous treatment for explaining this type of anomalous 
quenching, which is often referred to as being “ static” (that 
is, viscosity independent, no lifetime drop30). Strictly 
speaking, if the quenching is truly a manifestation of the 
time dependent term in the Smoluchowski equation, it is 
actually a dynamic, rather than a static process. However, 
the work of Nemzek and Ware24 indicates that the positive 
deviations in the Stern-Volmer plots cannot be completely 
described by the transient effects model, and that true 
static quenching, due to the existence of dark contact pairs 
of reactants, must also be occurring. On the other hand, a 
more qualitative treatment of the data in terms of the lat
ter two models should still remain successful. The active 
volume and dark complex models are so loosely defined 
that instantaneous quenching resulting from both transient 
and contact phenomena are included by the expression 
exp(V[Q]). These models also offer conceptual advantages 
by assigning a molecular significance to the static parame
ter, V .  The experiments presented later in this paper with 
micelle complexes are designed to illustrate the ways in 
which V  can provide information concerning the local dis
tribution of quencher molecules around a fluorophor.

Results and Discussion

A c r y la m id e  Q u e n c h in g  o f  In d o le  D e r iv a t iv e s . Presented 
in Figure 1 are the results, plotted in Stern-Volmer fashion 
(eq 2), of acrylamide quenching studies of indole and N -  
acetyltryptophanamide (NATA) in water. The amount of 
fluorescence observed in the presence of quencher was not 
time dependent, indicating that permanent photochemis
try is not involved, to any great extent, in the quenching 
process. No fluorescence from an indole-acrylamide excit
ed state complex was observed. Also, no evidence for a 
ground state complex was found from the absorption spec
trum.

It is apparent, in Figure 1 , that the ratio of F o / F  gives an 
upward curving plot. By treating the data according to eq 
3, by plotting F o / F  exp(V[Q]) vs. [Q] for varying V  until a 
linear plot is obtained, the static and collisional quenching 
modes can be dissected. For acrylamide quenching of in
dole and N ATA we find, respectively, K sv = 30.5 M-1 , V = 
2.5 M "\  and K av = 17.5 M "1, V = 2.0 M - 1 . 32 In similar 
fashion, the quenching parameters for other indole deriva
tives are listed in Table I. The estimated limits of error for 
the assigned values of V  are ±25%; this leads to a variabili
ty in the resulting K sv of only about ±10%. Whereas the V  
values are all about the same for the series (1.5-3.0 M-1), 
the Ksv values show a large variation and are proportional 
to the fluorescence lifetime of the derivative. The collision
al rate constant for quenching, which is K sJ to , is approxi
mately 6-7 X 109 M - 1  s_1, being slightly larger for the un
substituted indole ring and decreasing as the side chain be
comes larger and more hydrated.

To demonstrate that the data can be correctly dissected 
into its collisional and static components by treatment ac
cording to eq 3 coincidence of the t o / t  and F q/ F  exp( V[Q]) 
plots for the acrylamide quenching of N ATA in 55% glycer
ol is noted (see Figure 2). In this solvent mixture, the prev
alence of the collisional quenching process is diminished 
due to the increased viscosity. Our analysis yields a V of 1.5 
M - 1  and K av of 5.4 M-1 . Since the t q / t  plot reflects only
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TABLE I : Acrylamide Quenching of Indole Derivatives in 
Water at Room Temperature"

x 1 0  9

-,
*sv>
M_1

V,
M “ 1 r„, ns

M - 1

s_1

Indole 30.5 2.5 4.3 7.1
1-Methylindole 55.5 3.0 8.5* 6.5
2-Methylindole 1 2 . 8 2 .0 2 .0 * 6.4
5-Methoxyindole 30.0 3.0 4.0" 7.5
Acetyltryptophanamide 17.5 2 .0 2 .8 6.3
Acetyltryptophan 26.6 1.5 (4.2)d 6.3
Tryptamine 33.0 2 .0 (5.5)<* 6 .0
Tryptophan 14.8 1.5 (2.5)d 5.9
Tryptophan" 14.5 1.5 (2.5)d 5.8

"Excitation wavelength, 295 nm; emission monitored 
at fluorescence maxima of sample, which was about 355 
nm, except for indole (345 nm) and 5-methoxyindole 
(333 nm);all T0 are at 25 °C. * Lifetimes from ref 31.
" Lifetime from ref 36. d  Lifetimes estimated by assuming 
proportionality to the yield. " Excited at 280 nm.

Figure 1. Acrylamide quenching of indole and NATA in water. For 
NATA the dashed lines are for V  values that are ±25% of 2.0 M-1 .

collisional quenching, the agreement between the two plots 
indicates that F J F  exp(1.5[Q]) also truly represents the 
dynamically quenched fluorescence.

Acrylamide quenching of N ATA was also investigated as 
a function of the solvent composition to determine what 
factors, if any, influenced the quenching reaction. The ef
fects of ionic strength, the addition of structure “ making” 
and “ breaking” solutes,35 and the addition of common dén
aturants on the rate constant for quenching, k q, as present
ed in Table II, were found to be easily explained by simply 
noting the macroscopic viscosity of the solutions. In sol
vents which are less polar than water, such as dioxane, the 
quenching reaction seemed to still be quite efficient. This 
result, along with the fact that the nonexiplexed fluores
cence of 5-methoxyindole36 in water is also effectively 
quenched, indicates that neither the electronic character of 
the excited state nor the dielectric constant of the medium 
are dominant factors in the quenching reaction.

In all the studies V  is found to vary only slightly from 2.0 
M-1 . According to the models for static quenching de-

TABLE II: Acrylamide Quenching of NATA in Various 
Solutions"

Ksv,
M “ 1 V , M ~ 1 T 0, ns

77,*
cP

kq, 
x 1 0 -9 

M“ 1 

s -1

Dioxane" 41.0 3.0 4.5d 1 . 1 9.1
Ethanol" 23.5 2 .0 3.8rf 1 .0 6 .2
1 M NaCl 16.5 2 .0 (2 .8 )" 1 .0 5.9
2 M KC1 2 2 .0 2 .2 (3.2)" 0.85 6.9
2 M MgS04 1 2 . 8 2 .0 (2.9)" 2.5 4.4
7.7 M Urea 14.8 2 .0 (4.0)" 1.45 3.7
6.7 M GuHCl 9.5 1.75 (2 .8 )" 1 . 6 3.4
55% Glycerol 5.4 1.5 3.8 5.3 1.4

" Excitation wavelength, 295 nm; emission monitored at
fluorescence maxima. Quenching measurements made at 
room temperature, ~25 °C. * Viscosities measured with an 
Ostwald viscometer at 25 °C. " Fluorophor was indole rather 
than NATA. d Taken from ref 6 . "Lifetimes estimated by 
assuming a proportionality to the yield.

Figure 2. Acrylamide quenching of NATA in 55% glycerol.

scribed, V  can be thought of as an association constant (if 
so, a very weak one) or as a surrounding volume element 
having a radius r. As can be seen in Tables I and II, the 
magnitude of V does not depend greatly on whether or not 
the enamine nitrogen is substituted, or on the dielectric 
constant, ionic strength, temperature,33 or composition of 
the solution. For these reasons, it seems most reasonable in 
the case of the indole derivatives to discuss the static 
quenching phenomena in terms of the sphere of action, 
rather than the dark complex model. From the V  of 2.5 
M _ 1 for indole we calculate the radius of the active volume 
to be ~ 1 0  A. This radius is larger than the value of 6-7 A 
which can be estimated for the sum of the molecular radii 
of the indole ring and acrylamide molecule. This suggests 
that static quenching can occur even if the quencher is not 
in physical contact with the fluorophor at the exact mo
ment that it becomes excited. This is apparently due to the 
fact that the quencher can diffuse those extra 3-4 A so rap
idly after the excitation of a neighboring indole ring, that 
the quenching still appears instantaneous. That static 
quenching may occur even if the quencher is separated 
from the indole ring by a solvent layer at the time of excita
tion points to the slight dynamic character predicted by the 
transient effects model.24

For the derivatives possessing side chains, the active vol
ume element, V / N ' ,  is smaller. (Compare the V ’s for indole
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and tryptophan.) This can be attributed to the occupation 
of the active volume by the side chains, thereby sterically 
limiting the occasions in which a quencher might randomly 
exist within the sphere of radius 10 A. In other words, the 
size of the active volume is no smaller than that for indole, 
but the effective concentration of neighboring quenchers in 
sterically reduced.

Quenching Efficiency. A quenching rate constant of 7.1 
X 109 M _1 s_1 (for indole) agrees favorably with the diffu
sion limited value of 7.4 X 109 that is predicted by the 
steady-state portion of the Smoluchowski equation (eq 4), 
when the parameters R and D are assigned the reasonable 
values of 6.5 A and 1.5 X 10~5 cm2/s based on the molecular 
volumes and the Stokes-Einstein relationship. This 
suggests that the efficiency of the quenching reaction is 
unity. It is desirable that this be the case, so that the mag
nitude of kq can be interpreted as the frequency of colli- 
sional encounter between the two reactants. If y happens 
to be less than unity, the expression for kq becomes more 
complicated; in particular, the magnitude of k -d, which 
may vary widely for ordered systems, becomes significant.

To further prove that acrylamide is an efficient quench
er, studies were performed to show that kq behaves as a dif
fusion-limited rate constant, kd. As shown in Figure 3, kq 
has an inverse dependence on 77?; of the solution, as ex
pected for a diffusion-controlled reaction.37 In a tempera
ture dependence study33 (see Figure 4), the activation ener
gy for was found to be 3.7 kcal/mol, suggesting that the 
rate of the reaction :s limited only by the diffusion of the 
reactants through the aqueous solution.39 Since kq behaves 
as /fed in these experiments, the argument can be made that 
the efficiency of the quenching reaction between acrylam
ide and the fluorescent state of the indole derivatives must 
approach unity.

Quenching by Other Agents. When other agents are em
ployed for the quenching of indole, such as I- , Eu3+, or tri- 
chloroethanol (TCE, a water soluble analog of carbon tetra
chloride) the Stern-Volmer plots obtained, as in Figure 5, 
again show positive deviations similar to that for acrylam
ide. (The data for I-  falls almost exactly on the curve for 
TCE.) Regardless of what the internal mechanism for the 
respective quenching reactions might be in these cases, a 
collisional and static process must be operative. With H+ 
as a quencher, the plot obtained shows only a slight 
amount of static quenching. Similarly, the acrylamide 
quenching of long-’.ived fluorescent molecules, such as 
naphthalene, exhibits no noticeable positive deviations. In 
actuality, static quenching probably does occur in these sit
uations, but the collisional component is so overwhelming 
(large Ksv) that the plots simply appear to be linear. When 
the viscosity of an indole-containing solution is increased 
by the addition of glycerol, thus reducing the collisional 
component, static quenching by H+ becomes more obvious. 
The static constants found to describe the action of all of 
the above quenchers fall in the range of 1-3 M-1. Although 
we have not performed detailed investigations of these 
quenchers, other workers have proposed that I-  and Eu3+ 
are efficient indole quenchers,11’40-41 and by comparison of 
the Stern-Volmer plots in Figure 5, it seems that TCE is as 
well.

In contrast to the above cases, for a number of other 
fluorophor-quencher pairs investigated, upward curving 
Stern-Volmer plots were not observed. Plots which were 
linear within experimental errorwere found for the Cs+ or 
Br_ quenching of indole (see Figure 5), TCE quenching of

Figure 3. Dependence of the rate constant for collisional quenching 
of NATA on T!t). The data are taken largely from Table II. Aqueous 
solutions at various temperatures (O); various salt solutions (•); 
55% glycerol solutions at various temperatures (■).

Figure 4. Arrhenius plot for the acrylamide quenching of NATA and 
indole in water.

naphthalene, and acrylamide quenching of pyrene. The 
positive deviation due to static quenching that is common
ly observed in other systems is either absent or masked by 
an opposing negative deviation in the collisional compo
nent. The quenching rate constants found in these systems 
are much lower than the diffusion-limited value, indicating 
that the quenching process is inefficient (7 < 1 ). Quench
ing by such agents was found not to be responsive to 
changes in T /tj of the solution. The kq for Br_ quenching of 
NATA decreased only from 2.3 X 108 to 2.1 X 108 M -1 s_1 
upon a fivefold increase in viscosity, emphasizing the com
plexities involved in dealing with inefficient quenchers.21’38 

Topographical Studies. Having laid this foundation for 
the acrylamide quenching reaction, we intend to utilize it 
as a probe for studying more complicated systems, such as 
proteins, as was alluded to in the Introduction. To demon
strate the manner in which quenching studies can be used
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FIgure 5. Quenching in indole fluorescence by other agents.

to investigate the arrangement of an ordered system, the
indole-micelle work is presented. .

Certain indole derivatives wilI interact with detergent
micelles. For example, tryptamine (TAM), a positively
charged indole derivative, will interact with the negatively
charged micelles formed by sodium dodeciyl sulfate (SDS)
in aqueous solution.42 In doing so, the :emission maximum
of TAM blue shifts from about 355 to 3t8 nm, and the fluo
rescence yield drops by approximately.. 50%, These alter
ations in the fluorescence of TAM occur approximately at
the critical micelle concentration of SDS,19 suggesting that
the interaction is a strong one, as would be expected for the
oppositely charged species. (When indole .i.s added to a SDS
solution, a blue shift is observed only at a much higher con
centration of SDS.) A similar complex is formed between
the negatively charged N-acetyltryptophan (NAT) and the
positively charged detergent cetyltrimethylammonium bro
mide (CTAB), resulting in a lO-nm blue shift and about a
50% exaltation of the yield.

The micelIes formed by these detergents in water are
thought to be very loosely defined spheres, having a diame
ter of about 30 A, with the charged hood groups facing the
aqueous solution and the alkyl chains forming an oily, hy
drophobic core. The micelIe complexes, such as the one be
tween SDS and TAM, are, in many ways, excelIent models
for proteins. They possess a hydrophobic interior, polar pe
riphery, and a fluorescing "tryptophan residue". However,
the positioning, or "exposure" of the fluorophor in these
ordered systems is unknown. As showy: in Figure 6, the ring
may be buried to some extent in the hydrophobic core, or it
may be merely jutting out into the aqueous medium. The
uncertainty about the topography of the complex makes it
an interesting model with which to test the quenchers.

Four different quenchers, including acrylamide, were
used with these syst~ms; the results are presented in Figure
7. The experiments with the ionic quenchers, 1- and Cs+,
were clearly dominated by electrostatic effects. A TAM
molecule associated with a negatively charged SDS micelle
is greatly protected from collision with 1-.43 On the other
hand, association with the micelle "catalyzes" 19.44 the abil
ity of the oppositely charged Cs+ ion to quench the fluores
cence of TAM.

K sv for acrylamide quenching of TAM drops from 33.0
M-1 in water to 10.5 M-1 in the TAM-SDS complex, with
V remaining approximately the same.4.5 This drop reflects a

FIgure 6. Possible portrayals of the TAM-SOS micelle complex.,

"'40% decrease in k q from about 6.0 X 109 to about 3.7 X
109 M-l s-l. A reduction of kq of this order would be ex
pected, according to the steady-state PQrtion of the Smolu
chowski equation (eq 4), if the fluorophor were anchored to
a slowly diffusing structure, such as a micelle. The absence
of any further reduction in k q indica~ that the micelle of
'fers no significant barrier to the diffusion of acrylamide
towa.,d the fluorophor. Also, the fact that the static'compo
nent does not change to any exterit, argues that aerylamide
has the same opportunity to be a neighbor of TAM in the
micelle as it does in pure.water.

TCE exhibits a remarkable enhancement in its ability to
quench the fluorophor when it is complexed with the mi
celle. The Stern-VolJ11er plot is positively curved, and for
the TAM-SDS complex our analysis yields K sv = 42 M-l
and V = 20 M-l,45 Both of these quenching constants are
abnormally high. Due to the peculiarity of these results, an
experiment was performed to independently characterize
the kinetic nature of TCE quenching of the micelIe com
plexes. This was explored by performing what we have
termed a "double quenching" experiment,46 which con
firmed the assignment of the quenching constants made
above.

The obvious interpretation for the exalted degree of
quenching by TCE lies in the fact that TCE is a hydropho
bic molecule and will become partitioned into the relatively
apolar core of the micelle. The indole ring in the complexes
apparently also samples the micellar interior in such a
manner that it sees a very Ia.rge local concentration of TCE.
As a result, the frequency of encounter between the reac
tants is increased, accounting for the apparent large colli
sional quenching component.

However, much of the quenching by TCE appears static;
in fact, a V that is a factor of 10 larger than that in water is
found. In ordered systems the magnitude of V can be relat
ed to the local distribution of quencher molecules, in terms
of the models for static quenching presented earlier. To il
lustrate the possible ways in which the quencher might be
distributed around an indole ring, the models in Figure 8
are presented. The dashed circles represent the active vol
ume for static quenching. In case a the quencher is ran
domly distributed, just as :t would be in an aqueous solu
tion. For this type of situation, we commonly find a static
quenching constant of about 2.0 M-l for studies with acryl
amide and TCE, corresponding to an active volume of radi
us 9-10 A.

When the effective concentration of quencher surround
ing the indole is greater than the bulk concentration, as in
case b, the static constant, V, will appear much larger than
2.0 M-1. An example of such a nonrandom distribution is
given by the TCE-micelle system. Here the large amount
of static quenching is faciEtated by the mutual solubiliza-
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Figure 7. Quenching of TAM (A,A) and TAM-SDS micelle complexes (0 ,9 ) . Open symbols represent the normal Stern-Volmer plots; closed 
symbols, the modified form, eq 3. The lifetime of the TAM-SDS complex was estimated to be about 2.8 ns by considering its relative yield 
compared to free TAM. Ksv and V values are M” 1, kq's are X 10~9 M~1 s-1 . For certain of the Cs+ and r  data, the Ksv reported is the initial 
slope of the plots. For the ionic quenchers, the ionic strength was not held constant.

Figure 8. Possible distributions of quencher, Q, around an indole 
ring. The relative concentrations are exaggerated.

tion of TCE and the indole derivative into the micelle. 
Since the apparent V found is about 20 M_1, the local con
centration of TCE must be about a factor of 10 times that 
of the bulk. Those TCE molecules within 9-10 A of the ring 
would quench it statically, and those located in remote re
gions of the micelle would quench it collisionally. In situa
tions such as this, where V is large, it is most convenient to 
regard it as an association constant (or a partition coeffi
cient) a la the dark complex model.

When part of the active volume is occupied, as in case c, 
by some groups that are intimately in contact with the in
dole ring, the effective local concentration of quencher will 
be reduced. Therefore, we would expect to see a decreased 
degree of static quenching. As previously pointed out, this 
might be the case with indole derivatives having bulky side 
chains. Also we might add that in previous studies on the 
acrylamide quenching of the single tryptophan in ribonu- 
clease Ti, we were not able to detect any significant 
amount of static quenching.13 This could be an extreme ex

ample of case c in which the steady-state concentration of 
quencher within the active volume is very low, presumably 
because the tryptophan is embedded in the interior of the 
protein.

A model for the location of the indole derivative in these 
micelles, which is consistent with the data for all four 
quenchers, is that the charged moiety of the derivative in
teracts with the charged Stern layer of the micelle, allowing 
the ring to penetrate slightly into the hydrophobic core. 
While the other quenchers clearly point to this model, the 
experiment with acrylamide provides further insight as to 
the environment of the indole ring. Acrylamide, unlike 
TCE, is very insoluble in hydrocarbon solutions, and would 
not be expected to be accumulated into a micelle. The fact 
that it quenches the fluorescence of the complexes with a 
rate constant that is approximately diffusion controlled, 
and that the amount of static quenching is not sterically re
duced argues that the micelles are very loosely ordered 
near the surface where the indole ring is proposed to lie. 
Many other recent studies44’47 have indicated that the inte
rior of a detergent micelle is not nearly as apolar as had 
once been assumed. Their structures are very weakly de
fined, and polar molecules, such as acrylamide or water, 
may readily penetrate them.

Conclusion
Acrylamide is an efficient, easily handled quencher of in

dole fluorescence, which operates by both a collisional and 
static mechanism. According to the models presented, stat
ic quenching can be interpreted in a meaningful way in 
terms of either an active volume element surrounding the 
fluorophor, or a dark complex between the reactants. The 
collisional quenching process is diffusion limited, with an 
activation enthalpy of 3.7 kcal/mol in water.

A model system involving the complex between an indole
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derivative and a micelle has been used to test the proper
ties of acrylamide, as well as other agents, as quenching 
probes for ordered systems. This comparative study high
lights the distinguishing characteristics and limitations of 
each that would need to be considered in studies with sys
tems such as proteins, and it emphasizes the unbiased na
ture of acrylamide. The action of charged quenchers is 
greatly influenced by the local charge distribution aboyt 
the fluorescing group. A hydrophobe, such as TCE and pos
sibly molecular oxygen,10’44 will have a tendency to be ac
cumulated into apolar regions of a protein or supramolecu- 
lar structure, and to quench' buried fluorophors by a pro- 

•cess that may be static, collisional, or a combination of 
both. Ionic and hydrophobic quenchers may be able to re
port detailed information about the microenvironment of a 
fluorophor in an ordered system, but the factors governing 
their action must be appreciated.

Acrylamide seems to be an ideal type of quencher which 
is both polar and uncharged. Thus, its ability to collisional- 
ly quench fluorescing groups should depend solely on the 
ease with which it is able to diffuse to meet the excited 
molecule. Of the quenchers investigated, acrylamide will 
undoubtedly prove to be the most straightforward and 
valuable for the study of proteins. However, a cautious use 
of the others in conjunction with acrylamide would appear 
to be very promising.
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The formation of charge transfer complexes between organic molecules and suitable donor or acceptor mol
ecules in solution is a well-known phenomenon. This paper reports a flash-photolysis study of the photo
dissociation of such complexes formed between the aromatic hydrocarbon perylene and two strong electron 
acceptors. Irradiation of these complexes leads to dissociation into the component radical ions; one aim of 
this work was to determine the quantum yield of this process for the two complexes. Since the complexes 
exist in equilibrium with the free hydrocarbon and acceptor molecules, the radical ions can also be pro
duced by excitation of a free perylene molecule followed by electron transfer to a free acceptor molecule. 
The quantum efficiency of this second process was also measured. The results show that the quantum 
yields for a particular pathway for ion formation change unexpectedly little on going from one complex to 
the other; the reasons for this are briefly discussed.

Introduction
It is well known that many organic molecules in the pres

ence of suitable electron donor or acceptor molecules can 
form weakly bound complexes, usually known as EDA or 
charge transfer complexes.2 Such a complex will exist in 
equilibrium with its component molecules:

D + A ^ D -A  (1)

(where D denotes a molecule having electron donor proper
ties and A an electron acceptor molecule) and is character
ized by a spectrum commonly having a long-wavelength 
band not present ir. the component molecules. This band 
corresponds to a transition from the ground state of the 
complex D-A to the highly polar charge transfer state 
MD+A- )*.2 We were interested in the fact that the state 
HD+A- )*, in a suitable solvent, is able to dissociate into its 
component radical ions:3

D-A — *■ HD+A- )* D+ + A-  (2)

This process will occur in competition with other processes 
leading to the disappearance of this state, chief of which 
are internal conversion to the ground state and intersystem 
crossing to the triplet 3tate. Our investigations were aimed 
at measuring the relative efficiencies of dissociation into 
ions and internal conversion to the ground state in com
plexes where no formation of the triplet states of D or A 
could take place.

A complication in such measurements arises due to the 
presence of the uncomplexed molecules D and A. Thus, 
when such a system is irradiated, in addition to ions being 
formed by dissociation of HD+A- )* as described above, ex
citation of, e.g., a free D molecule to its (fluorescing) first 
excited singlet state, followed by the appropriate electron 
transfer reaction with an unexcited A molecule, can also 
lead to production of radical ions:4-6

h v

D — *D* + A — D+ + A" (3)

(The production of triplet states of D and A by this process

can be ruled out by suitable choice of D and A.7-8) It was 
therefore necessary in this work not only to have some 
measure of the overall efficiency of ion production in such 
systems, but also to be able to distinguish between those 
radical ions that are produced by excitation of the charge 
transfer complex (reaction 2) and those that are produced 
by excitation of one of the free component molecules (reac
tion 3).

It would in principle be possible to make such a distinc
tion by measuring the kinetics of tbe individual steps in
volved in reactions 2 and 3; the difficulty with this ap
proach is that these steps occur on a time scale which is 
very fast compared to the time resolution of our flash pho
tolysis apparatus. The free ions themselves, however, have 
lifetimes (~ 10-4 s) which are long enough for them to be 
detected conveniently in a flash photolysis experiment. It is 
thus feasible to measure the amounts of radical ions 
formed, and hence their quantum yields of formation, 
which are ultimately related to the rate constants of the 
steps involved in the formation process. The contributions 
to the observed ion yields from complex excitation and ex
citation of the free molecules can be separated by using the 
combined results of light intensity dependence and concen
tration dependence experiments; the details of this proce
dure are given below.

The complexes chosen for this investigation were those 
formed between the aromatic hydrocarbon perylene (which 
functioned as an electron donor) and two strong electron 
acceptors: pyromellitic dianhydride (PMDA) and tetracya- 
noethylene (TCNE). (In much of the subsequent discussion 
the symbols D and A have been used; these can be under
stood to refer to perylene and PMDA or TCNE, respective
ly.) PMDA and TCNE have reduction potentials of —0.66 
and +0.24 V vs. SCE, respectively; this means that the 
pairs of ions produced by either reaction 2 or reaction 3 will 
have energies differing by about 0.9 eV. These energies will, 
incidentally, be low enough to ensure that no triplet states 
of D or A are formed. This large difference in energy might 
be expected to profoundly affect the mechanism by which 
the ions are formed; the work to be reported here was thus 
also directed at investigating this aspect of the photodisso
ciation process.
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Experimental Section
Principle of the Method. The technique used in this 

work was flash photolysis with an optical absorption detec
tion system, which has proven to be ideally suited to the 
study of reactions with relatively long-lived transient 
species (radical ions, triplet states) as products.4'6 The ex- 
perimefits described here were performed with cut-off fil
ters to ensure that no free acceptor molecules were excited 
by the incident flash light. The methods to be described 
also assume that the complex, in the spectral region in 
which the flash light was absorbed by the sample, had, to a 
good approximation, the same absorption spectrum as per
ylene. This assumption is discussed in more detail below.

As mentioned above, two types of experiment proved to 
be necessary: one where the overall quantum yield of ion 
production at a particular acceptor concentration could be 
measured, and one which gave an estimate of the ratio of 
the quantum yields from reactions 2 and 13. Measuring the 
overall quantum yield involved a series of experiments in 
which the yield of a transient species (triplet state or ion) 
was studied as a function of the exciting flash intensity, 
while the measurement of the quantum yield ratio depend
ed on following the Variation of ion yield tfith acceptor con
centration. The basic principles of these two types of ex
periment are as follows.

(a) Dependence on Flash Intercity. This method of 
measuring the overall quantum yield depends on using for
mation of the triplet state of the aromatic hydrocarbon as 
an internal actinometer. In other words, if the triplet yield 
of perylene before adding the electron acceptor is mea
sured, and then subsequently (under the same experimen
tal conditions) the yield of either the perylene radical cat
ion or the acceptor radical anion after the acceptor has 
been added is determined, the ratio of measured yields can 
be set equal to the ratio of the quantum yields, making it 
possible to derive the quantum yield of ion formation from 
a knowledge of the quantum yield of triplet formation.6 
This presupposes a linear relationship between the mea
sured yield and the quantum yield; this, however, will not 
be the case unless conditions are chosen such that the tran
sient being measured decays by a first-order process9:

c = Coe~klt (4)

where c is the observed transient concentration at a time t, 
and ki is the first-order rate constant of the decay process. 
Co is a hypothetical starting concentration, and, in addition 
to depending linearly on the quantum yield of the process 
forming the transient, will also depend on the incident light 
intensity in a linear way for the mechanisms considered 
here.9

The procedure for making such measurements consisted 
of carrying out pairs of experiments in which perylene was 
flashed at different incident light intensities, first in the 
absence of any acceptor molecule and then with acceptor 
present. In this way two plots of Co vs. flash intensity were 
obtained, one for the perylene triplet and one for the radi
cal ions. The ratio of the slopes of these plots will, if the ex
perimental conditions (including the absorption character
istics of the sample) remain the same, be equal to the ratio 
of the total quantum yields for transient formation in these 
two cases. It should be noted that, at high exciting light in
tensities, the observed dependence of co on flash intensity 
is no longer linear (see below). The reason for this is that 
decay by a second-order process (triplet-triplet annihila

tion in the case where the transient is the perylene triplet, 
cation-anion recombination where the transient is an ion) 
will become increasingly important as the flash intensity, 
and hence the transient yield, is made larger. In this case 
the simple proportionality between Co and quantum yield 
no longer holds.9 The linearity of the dependence of c0 on 
incident flash intensity is thus an important criterion of 
whether the experiments are taking place in a region where 
transient decay is by purely first-order processes.

(b) Dependence on Acceptor Concentration. This type 
of experiment serves to separate the individual contribu
tions from reactions 2 and 3 to the overall quantum yield of 
ion formation. It is based on the fact that, since the com
plex is in equilibrium with its components, a change in ac
ceptor concentration will shift the position of this equilibri
um and hence change the relative magnitudes of the ion 
yield due to excitation of the complex and of free perylene.

To derive an expression for the variation of overall ion 
yield with acceptor concentration, we define Pi and P 2 as 
the efficiency with which the primarily excited species (XD* 
in (3) and X(D+A“ )* in (2)) are produced. Thus Pi corre
sponds to the number of moles of XD* produced by the 
flash per mole of D in reaction scheme 3; the quantity P2 
has an analogous meaning for reaction 2. The concentra
tion of free ions produced by subsequent reaction of these 
primarily excited species will be

[ D + ] i  =  [ A - ] i  =  P n M D ]  ( 5 )

for excitation of free perylene, and
[D+]2 = [A"]a = P 20 2[D-A] (6)

for excitation of the complex (D-A). Here 4>\ and fa are the 
probabilities of the states XD* and 1 (D+A~)* reacting to 
give the ions D+ and A- ; the magnitudes of fa and fa are 
naturally dependent on the efficiencies of the individual 
steps involved in going from the primarily excited species 
to the ions.

We now make use of the fact that an equilibrium exists, 
as shown in reaction 1 , between the complex and its free 
components. Assuming that the acceptor concentration [A] 
is very much larger than the bulk perylene concentration
[D]o (the case in all the experiments to be reported here), 
we obtain

I i t N < l M M . P rfl +  P * K[A] <7,
lx-)Jo

It is clear that an analogous equation can be derived for
[A-].

The derivation to this point has assumed that fluores
cence quenching is complete. In fact, this is not the case for 
the acceptor concentrations used in this work, and a factor 
B, equal to the fractional fluorescence quenching, must be 
introduced into eq 7 to take account of this. B has values 
lying, in this investigation, between 0.85 and 1.0; details of 
the way in which B is calculated are given below. Equation 
7 will be further modified by the fact that optical densities 
P D+ are measured instead of concentrations [D+]. The re
sult of these changes is

£P* R r n f " ~  = fD+dPl<i>1 + tv+dP2faK ^  (8)B[U\o B
Plotting the left-hand side of eq 8 against |A]/B should give 
a straight line for which the following relation holds:

R _ 4>i _  Pg intercept R 
fa P i slope
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enabling the ratio 0 j /02 to be calculated from a knowledge 
of P 2/P 1. The way in which P2/P 1 is estimated is described 
below.

This result can be combined with the overall quantum 
yield (denoted by 0) derived from the dependence of the 
ion yield on incident flash intensity. 0 is, of course, the 
quantum yield of formation of ions from complex excita
tion and excitation of free perylene, and at a particular ac
ceptor concentration will be given by

0 = (1 — a)<j> 1 + a02 (1(3)
where a is the degree of association of the complex. From 
eq 9 and 10 the following relations for the individual quan-
turn yields can be derived:

<Pl — _  .
R<j>

(ID
R( 1 — a) +  a

02 “  _ , 0 (12)
R{  1 — a) +  a

Experimental. Perylene and acetonitrile were purified as 
described previously.6 PMDA was purified by recrystalliza
tion from dioxane followed by drying and sublimation in 
vacuo; TCNE was purified by recrystallizing several times 
from chlorobenzene and vacuum subliming. All experi
ments were carried out in acetonitrile at room temperature.

Absorption spectra were measured on a Cary 17 spectro
photometer, and fluorescence spectra on a Hitachi-Perkin- 
Elmer fluorescence spectrophotometer MPF2A. Fluores
cence quenching experiments were carried out in the ab
sence of air either in an all-glass degassed apparatus de
scribed previously,10 or by passing oxygen-free nitrogen 
through the system during the experiment.

The flash apparatus used in this work has been described 
previously.11 The cells used in these experiments had a rec
tangular cross section 1 X 10 mm;12 kinetic decay curves 
were digitalized and fitted (in a computer) by a least- 
squares procedure to eq 4. All experiments with perylene- 
acceptor systems were carried out by inserting cut-off fil
ters (Schott GG395) between the flash lamps and the sam
ple in order to prevent direct excitation of the acceptor 
molecule.

The experimental procedure followed in determining the 
total quantum yield of radical ion formation was to flash a 
solution of perylene without acceptor at a number of differ
ent flash intensities; this could be achieved by attenuating 
the incident flash light with wire mesh filters of known 
transmission. The resulting decay curves for the perylene 
triplet were fitted to eq 4 and values of co, the hypothetical 
starting concentration at time zero, were plotted against 
filter transmission. The experiment was then repeated by 
admitting a perylene solution of the same concentration 
containing the appropriate acceptor through a break-seal 
in the flash cell, after which the radical ion absorption was 
monitored as a function of flash intensity under identical 
experimental conditions (same sample geometry, filters, 
etc.) and analyzed in the same way as for the perylene trip
let. This technique has already been applied to other sys
tems.13

The concentration dependence experiments were carried 
out in a cuvet of special design.14 The experimental proce
dure used was identical with that used for measuring the 
flash intensity dependence, except that acceptor concen
tration and not filter transmission was varied during the 
course of the experiment. Individual points used in analyz
ing the data from the flash intensity dependence and con

centration dependence experiments represent an average of 
three experimental flash curves at the particular acceptor 
concentration or wire mesh filter used; the accuracy is gen
erally ±5%.

Results and Discussion
(a) Complex Formation. Equilibrium constants and exj

unction coefficients for the two complexes (Pe-PMDA and 
Pe-TCNE), determined by the Benesi-Hildebrand meth
od,15 are listed in Table I. The Wavelengths at which these 
determinations were made lie in the region of the charge- 
transfer absorption bands of these cbmplexes. These bands 
are not included in Figure 1 , which shows the absorption 
spectra of the two complexes, together with that of uncom- 
plexed perylene. These spectra were obtained by recording 
the spectrum of an acetonitrile solution of known concen
trations of perylene and acceptor, and subtracting the ab
sorption due to the uncomplexed perylene. The extinction 
coefficient e of each complex was then calculated as a func
tion of wavelength using the previously determined value 
of the equilibrium constant K.

(b) Fluorescence Quenching. The rate of the reaction be
tween uncomplexed perylene, excited to its first excited 
singlet state, and acceptor, could be obtained by measuring 
the quenching of perylene fluorescence on addition of ac
ceptor. This measurement is complicated in the present 
case by the fact that a (nonfluorescent) complex is formed 
between perylene and the added acceptor. Under these 
conditions the variation of relative fluorescence intensity 
I/Io with acceptor concentration is given by16

I0/I  = (1 + A[A ])(1 + A L[A]) (13)
where Kl is the quenching constant, and K is the equilibri
um constant defined in reaction 1 . K l is related to the 
overall rate constant k of the process by

K\j = kr0 (14)
where to is the fluorescence lifetime of perylene in the ab
sence of any quencher. The experiments to be discussed 
here were carried out at acceptor concentrations such that 
complex formation did not exceed 10%; in this case eq 13 
becomes

Io/I ^ l  + (K + K h)[A] (15)
The reciprocal relative fluorescence intensity Io/I should 
thus show a linear dependence on acceptor concentration, 
from which the quantity (K  + can be obtained. This, 
together with the values of K  determined as above, allows 
A l to be calculated for each acceptor molecule; these 
values can be found in Table I.

The values of K l obtained here are, when the fluores
cence lifetime of perylene is taken into account, suggestive 
of a diffusion-controlled reaction, as would be expected for 
these two electron acceptors.17 The kinetics of such reac
tions are generally made up of two contributions: one, A ja, 
from a “ nonstationary state” term where a certain propor
tion of excited molecules find themselves in the immediate 
vicinity of an acceptor molecule directly after excitation, 
and the other contribution, K ls, from a “ stationary state” 
term where quencher molecules must diffuse to within an 
interaction distance a before quenching can take place.16 If 
both effects are allowed for, the variation of fluorescence 
intensity with acceptor concentration will be given by16

/  e~
To= 1 + A L[A] (16)
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TABLE I: Experimentally Determined Parameters for 
Complex Formation and Fluorescence 
Quenching (See Text)

Perylene—PMDA Perylene-TCNE
K, M-‘ 
e, cm-1 M~‘

A l*, M-‘
KLs, M- 1 
kq, M' 1 s- 1

30 ± 16% 
90Q (490 nm) 
215 ± 5%

8.2
27

186
3.1 X 10'°

43 ±12%
800 (480 nm) 
135 ±7%

5.8
12

123
2.1 x 1010

Figure 1. Absorption spectra of perylene and complexes in acetoni
trile: (—) perylene; (••••••) Pe-TCNE; (------ ) Pe-PMDA. The spectra
do not include the charge-transfer transitions to longer wavelengths.

where

k' = 4tt N'a2V W ^  (17)

In these equations D' is the sum of the diffusion coeffi
cients of the two reacting molecules, r is the fluorescence 
lifetime at the particular acceptor concentration [A], and 
N' has the value 6.023 X 1020. At low acceptor concentra
tions eq 16 can be rearranged to give

2a = (D ’ to +  K l / (tN ' V W 7 J ) 1' 2 -  V W 7 0 (18)

where r has been replaced by to (taken as 6.0 ns18), the flu
orescence lifetime in the absence of acceptor. The interac
tion distance a can thus be calculated from the measured 
value of K l together with values for D' and to- Unfortu
nately no direct measurements of the diffusion coefficients 
in acetonitrile of the molecules used in this work have been 
made. We have instead relied on the results of Miller et 
al.19 for the diffusion coefficients of aromatic hydrocarbons 
in acetonitrile; on this basis we have set D' equal to 5.0 X 
10-5 cm2 s_1 for both systems. The values of a so obtained, 
together with KLa, K ls, and kq, the rate constant for sta
tionary-state quenching, are shown in Table I.

The a values of Table I are in the order expected from 
the molecular sizes of PMDA and TCNE; their absolute 
values, however, are made somewhat uncertain by the un
certainty in the values of D' used in eq 18. From these a 
values, together with fluorescence lifetimes calculated from

T = ro/(l + K-l[A]) (19)

values of B can be calculated from eq 16; these are in turn 
necessary for the application of eq 8 to the experimental re
sults. The uncertainties in a will have no very significant 
effect on the quantity B. It can also be noted that the
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Figure 2. Transient spectra obtained on flashing perylene-acceptor
systems in acetonitrile. Upper half: (—) perylene-PMDA; (------ )
perylene-TCNE. Lower half: reference spectra, taken from the liter
ature (—) perylene ground state absorption (ref 20); (— ------ ) TCNE
radical anion (ref 33);(--- —) perylene triplet (ref 34); (—•••) perylene
radical cation (ref 20); (..........) PMDA radical anion (ref 35).

values of kq in Table I are typical for diffusion-controlled 
reactions in acetonitrile.17

(c) Flash Experiments. The upper half of Figure 2 shows 
the transient spectra obtained on flashing the systems per
ylene-PMDA and perylene-TCNE in acetonitrile. With 
the aid of the literature spectra contained in the bottom 
half of this figure it can be seen that the perylene radical 
cation (peak at 18.6 kK) is formed on flashing both sys
tems. Another characteristic of both systems is that no 
triplet states, either of perylene or of the acceptor mole
cules, are present; as has already been mentioned, this is to 
be expected for systems of this type.8 The radical anion of 
PMDA (peak at 15.1 kK) is present in the flash spectrum 
of perylene-PMDA; the TCNE radical anion cannot be 
seen in the spectrum of perylene-TCNE, since its weak ab
sorption is masked by the ground state absorption of pery
lene.

A slowly decaying (~5 s) structureless absorption (not 
shown in Figure 2), which could not be further identified, 
was observed on flashing the system Pe-PMDA. Since this 
absorption appeared only some milliseconds after the ex
citing flash, rising to no more than 10% of the absorption 
due to the initially formed radical ions, it was disregarded 
in the measurements described below, which were all car
ried out within the first few hundred microseconds. No ef
fect of this sort was observed on flashing the system Pe- 
TCNE.

Figures 3 and 4 show the results of the flash light intensi
ty dependence experiments for the two systems studied 
here. In these figures the triplet and ion yields have been 
plotted against the percentage transmission of the neutral 
filters used to attenuate the incident flash light. As expect
ed from the discussion above, the absorption E rises linear
ly with increasing filter transmission (increasing flash in-
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Figure 3. Dependence of triplet and radical ion yields on flash inten
sity for the system perylene-PMDA.

Figure 4. Dependence of triplet and perylene radical cation yields on 
flash intensity for the system perylene-TCNE.

tensity) until, at relatively high values of filter transmis
sion, departures from linearity become evident for 3Pe* in 
Figure 3 and for Pe+ and 3Pe* in Figure 4; the slopes of the 
linear portions will be proportional to the quantum yields. 
If we designate the slope, extinction coefficient of the tran
sient formed, and its quantum yield of formation as S t , c t , 

<j>r and S, «, and 4>, for the experiments without and with 
added acceptor, respectively (the subscript T referring to 
the perylene triplet; no subscript refers to the radical ions), 
we have

<t> = ~  —  <t>T (20)
c ¿T

Unfortunately, no measurements of extinction coefficients 
and quantum yields for the species in acetonitrile consid
ered here appear to have been made. We have taken c(Pe+) 
= 4.8 X 104 M-1 cm- 1 ,20 ex = 1.43 X 104 M_1 cm- 1 ,21 and 
<trr = 0.015.22 The values of <)> calculated using these values, 
together with the values of a for the acceptor concentra
tions used, are given in Table II.

If it is assumed, for the system Pe-PMDA, that equal 
amounts of Pe+ and PMDA-  are formed, a value of f for 
PMDA-  can be calculated from the appropriate straight 
line in Figure 3. The value of e at 15.1 kK so obtained is 1.6 
X 104 M- 1 cm“ 1.

The concentration dependence experiments were carried 
out as shown above; the application of eq 8 to these results 
is shown in Figures 5 and 6 for the systems Pe-PMDA and 
Pe-TCNE, respectively. In both cases the points follow,

TABLE II: Experimentally Determined Quantum Yields 
and Rate Constants for Ion Production (See Text)

Perylene—PMDA Perylene—TCNE

0 0.044 0.062
a 0.47 0.56
R 4.8 ±40% 4.6 ± 40%
P. 0.070 0.110

0.015 0.024

kA
<P 2

5.3 X 10'° 3.2 X 10'°
0.21 0.22

[p m d a ]
B

Figure 5. Application pf eq 14 (see text) to the variation of PMDA 
radical anion yield with PMDA concentration for the system pery
lene-PMDA.

B
Figure 6. Application of eq 14 (see text) to the variation of perylene 
radical cation yield with TCNE concentration for the system pery
lene-TCNE.

within experimental error, a straight line, from which, 
using eq 9, the quantity R can be calculated.

In order to do this, it is necessary to be able to measure 
the ratio P 2/P 1. Since the flash intensity and other experi
mental parameters remain constant during the experiment, 
P2/P 1 will be equal to the ratio of the integrated absorption 
spectrum of uncomplexed perylene to that of the charge 
transfer complex in the wavelength interval used for excita
tion. This ratio can be estimated from the spectra of Figure 
1; since the long-w'avelength (>460 nm) absorption of the 
charge-transfer complex is 30-40 times weaker than in the 
region to shorter wavelengths, it has been neglected in this 
calculation. An implicit assumption in this method is that 
the spectra corresponding to Pi and P2 are similar; that 
this is justified is seen from Figure 1 . From Figure 1 values 
of P 2/P 1 of 1.00 and 0.91 are obtained for the systems Pe- 
TCNE and Pe-PMDA, respectively. The resulting values 
of R, and the values of <j> 1 and (¡>2 subsequently calculated 
from eq 11 and 12, are given in Table II.

It is perhaps simpler, in discussing the quantum yields 
measured in these experiments, to begin by considering the 
production of ions by interaction of an excited perylene
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molecule with an acceptor molecule in its ground state. 
This is shown in a simplified way in reaction 3. It is known 
that this process in fact proceeds, after the initial collision 
between 'D* and A, via an ion pair; this ion pair can either 
dissociate into free ions or return directly to the ground 
state by a reverse electron transfer.8 We can therefore re
write reaction 3 as

>D* + A —  D+-A -  ^  D+ +  A~

4 !*■ (21)

D + A D A

All steps in this process occur very quickly, only the free 
ions D+ and A-  can be observed experimentally.

Due to the method used in deriving eq 8 (in particular 
the inclusion of the factor B to allow for incomplete 
quenching of the excited perylene by the added acceptor) 
the quantum yields 0 i refer to the case where each excited 
perylene molecule is converted to an ion pair with unit effi
ciency. The measured value of 0i will then be determined 
by the relative magnitudes of fed and kg, and we write

kg = kd(l — 4>i)/$\ (22)

Knibbe, Rehm, and Weller5 have estimated fed to be 4 X 
109 s-1 ; using this value of fed, values of feg can be calculat
ed. These are shown in Table II.

The values of 0 i shown in Table II indicate that the ion- 
pair state which is_ initially formed disappears with about 
90% probability tA "the ground state in both cases. These re
sults are considerably higher than for other analogous sys
tems in acetonitrile.8 The fact that the reverse electron 
transfer step occurs with a rate constant of some 1010 s“ 1 
seems to indicate that the ion pair, although basically a 
loose associate bound by Coulombic forces, nevertheless 
has enough overlap of the electron orbitals of the compo
nent ions to make electron interchange a very fast process.

It is perhaps useful, in discussing the photodissociation 
of the charge transfer complexes, to start by considering 
their spectral properties, since these will determine which 
electronic states are populated by the initial absorption of 
light. The part of the complex absorption spectrum that is 
of interest in the present work is that falling in the wave
length range of the flash; this consists of a perylene-like 
part (shown in Figure 1) and, to longer wavelengths, a 
weak, structureless absorption (not shown ir. Figure 1). The 
effect of an electric field on the absorption intensity of this 
long-wavelength band,24 together with measurements of 
the dipole moments25 and absorption spectra26 of the state 
reached in this transition, shows that the long-wavelength 
band of such complexes corresponds to a transition to the 
charge-transfer state HD+A- )*. The peryler.e-like part cor
responds to a transition to a locally excited state ! (D*-A), 
which can be regarded as an excited state of perylene per
turbed by the presence of the other component of the com
plex.'23

It is clear that, although both of these states will be ex
cited under the conditions used in these experiments, ion
ization can occur only through the state *;D+A- )*. If we 
can assume that all initially excited ‘ (D*-A) decay to the 
state MD+A- )* with unit efficiency, then the quantum 
yield of ion production will depend on the properties of this 
state and the route it follows in dissociating to the free 
ions. This corresponds to the simple sequence of steps 
shown in reaction 2. It is clear that, in addition to dissociat
ing into ions, the '(D +A_i* states can return directly to the
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ground state; the relative importance of these two path
ways for the disappearance of HD+A- )* will be one factor 
determining the observed quantum yield. It is possible, 
however, that the state RD+A“ )* dissociates through one 
or more intermediates; the properties of such intermediates 
would, in the same way, have an additional effect on the 
measured ion quantum yield.

A guide to the possible existence of Such intermediates is 
provided by the results of emission measurements on com
plexes. In nonpolar solvents some charge transfer com
plexes emit fluorescence; studies of this emission have 
shown that the state from which fluorescence is emitted is 
not the same as the state initially reached by optical ab
sorption (the charge transfer state RD+A- )*). this latter 
state appearing to undergo a temperature- and solvent- 
dependent relaxation before emission takes place.28 The 
solvent dependence takes the form of an increase in the 
Stokes shift of the fluorescence with increase in solvent po
larity,27 indicating that the relaxation process leads to 
states of lower energy as the dielectric constant of the sol
vent increases. This suggests that the emitting state is 
formed from the initially excited state by solvent rear
rangement and mutual reorientation of D and A, the latter 
perhaps including an increase in the mean D-A distance. 
Both of these effects seem to increase.'as solvent polarity 
increases. Although no fluorescence from charge transfer 
complexes can be observed in solvents as polar as acetoni
trile.29 it might be expected that the same process of relax
ation of the initially excited state MD+A- )* to a state of 
lower energy occurs. We can regard this as a relaxation to 
an ion pair which is the same ion pair as in (21), since this 
is, from above, an intermediate in the formation of the free 
ions D+ and A- . Wre can thus re-formulate the reaction 
scheme 2 for the photodissociation of these complexes as

><D+A“>*
4-

D A D* + A~

A 'fV (23
(DA) D A

The experimentally determined quantum yields d»2 for 
ion formation on irradiation of the complex are given in 
Table II. From these figures it appears that between 97 and 
99% of the initially excited complex molecules return to the 
ground state before reaching the stage at which the free 
ions are present. This may be compared with the 90% prob
ability of return to the ground state found for the system 
tetracyanobenzene-benzene in acetonitrile,29 where excita
tion was exclusively to the charge transfer state.

The experimentally measured overall quantum yield for 
ion production 02 is equal to the product of the probabili
ties of the steps '(D +A- )* —► D+—A~ and D+—A-  -* D+ + 
A- . The second of these quantities has already been mea
sured; it is the 0 i of eq 5. If we designate the probability of 
the first of these two steps as 02', then

02' = 02/01 (24)

Values of 02' calculated in this way are given in Table II.
It would in principle be possible to estimate fe,' from the 

values of 02' obtained here. However, this is more difficult 
than for the case where uncomplexed excited perylene 
reacts with an acceptor, since there is no satisfactory way of 
estimating fed'- All that can be said with any certainty 
about these systems is that feg' is larger than fed', by factors 
of 3.76 and 3.55 for the systems Pe-PMDA and Pe-TCNE,
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respectively. There have been suggestions that ionization of 
charge-transfer complexes proceeds by way of a triplet 
state31 or from a Franck-Condon state of the excited com
plex.32 Since the evidence for these intermediates is incon
clusive, we have depicted ionization as proceeding through 
the relaxed singlet state HD+A- )*. The above conclusions 
will not be affected in any essential way should one or more 
other states function as intermediates in the ion formation.

Two assumptions have been made in calculating fa'. The 
first is that any higher excited states of the complex decay 
to the state MD+A- )* with unit efficiency, i.e., states such 
as MD* A) will decay to the ground state only via the charge 
transfer state MD+A- )*. This could be checked by examin
ing the wavelength dependence of fa. We were not able to 
do this; however, the similarity between our results and 
those of other authors29 who have irradiated exclusively in 
the charge transfer band suggests that this assumption 
might be justified. The second assumption postulates that 
interaction of an excited uncomplexed perylene molecule 
with an acceptor molecule leads exclusively to the ion pair 
D+~A- . There does not appear to be any way of checking 
this experimentally; it can, however, be justified on the 
general grounds that dissipation of large amounts of elec
tronic energy without any intermediate stage being in
volved is an improbable process.16

Examination of Table II shows that fa, which measures 
the efficiency of the dissociation of D+—A-  in reactions 21 
and 23, increases by about 60% on going from perylene- 
PMDA to perylene-TCNE; the energies of the correspond
ing ion pairs change from 1.47 to 0.57 eV. The changes in fa 
are mirrored in the corresponding decrease in kg, the rate 
at which the reverse electron transfer to give the neutral 
molecules D and A takes place. The dependence of the rate 
of electron transfer reactions on the free energy change of 
the reaction is given approximately by the expression

k = Z e ~ ^ /RT> (25)

where

AF*
wP + w X AF°------------1-----h------

2 4 2

and Z and AF° are respectively the frequency factor and 
free energy change of the electron transfer reaction. The 
constants wp, w, and X are defined in the original paper.30 
While there is insufficient information to be able to calcu
late absolute values of k, it is possible to obtain an estimate 
of the change in k on going from one system to the other if 
we assume that wp, w, and X are roughly the same for both 
systems. On this basis we would expect kg in reactions 21 
and 23 to decrease by a factor of about 3 X 107 on going 
from perylene-PMDA to perylene-TCNE. In fact the ex
perimentally observed decrease (see Table II) is less than a 
factor of 2, suggesting that the discrepancy between the ob
served and calculated results is not simply a result of the 
approximations made in deriving eq 25, but that the model 
on which this expression is based may not be appropriate 
to these systems. There appear to be no results in the liter
ature with which these results could be directly compared, 
and there is an obvious need for more data (in particular

energies and entropies of activation) on such reactions be
fore it will be possible to understand the factors governing 
the behavior of such electron transfer processes in ion 
pairs. With regard to the state 1(D+A- )* we can conclude 
that the near identity of the fa' values for both systéms 
must mean that k¿' and kg change by a constant factor or 
not at all on going from one system to the other. Without 
additional information it is not possible to obtain absolute 
values of fed' and kg. It is clear, however, that these meth
ods are in principle capable of providing a good deal of new 
information about the .dynamic behavior of the state 
!(D+A-)*. *
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A method for measuring the relative intensity of water bands in the infrared is described and techniques of 
allowing for reflection losses are described. The infrared librational bands for solutions of LiN03, NaN03, 

'•KN0 .3, and NH4NO3 are reported and variations both with concentration and temperature are examined. 
The spectra are analyzed ¿0 show that the probable hydration number for LiN03, NaN03, and KN03 is 5 
while for NH4NO3 it is 4. there is a noticeable cation dependence for both band energy and band intensity. 
The intense infrared-active i/3 band of the nitrate ion is also examined and the variations noted with con
centration and cation change are similar to those observed in the Raman spectrum.

Use of infrared absorption to study the interactions be
tween water and dissolved species has been in the main 
limited to studies of molecular modes of water and dis
solved species or to the overtones of these vibrations. In 
studying the librational region of the spectrum it is neces
sary to use very thin path lengths because the absorption is 
very high. In addition the spectral feature is a very broad 
band which extends down to the far-infrared region. These 
features make it difficult to obtain good reproducibility 
and render physical interpretation more difficult.

This paper reports a thin-film technique for measuring 
the librational band with excellent reproducibility. The 
corrections necessary for reflection losses are described, 
and the results obtained in a systematic study of nitrate 
salts are discussed.

The librational region is expected to be particularly use
ful in the description of interactions in solution because the 
measurements involve cooperative rocking motions of 
water molecules under the constraint of the surrounding 
medium. Changes in the water-water or water-solute inter
actions are therefore expected to be mirrored in changes in 
the characteristics of the librational bands. A systematic 
study was undertaken by Raman spectroscopy some years 
ago,1 a survey of the effect of electrolytes on the infrared 
band in D2O has been reported,2 and the present results 
complement these earlier studies.

Technique of Band Measurement
Following the method developed by Yasumi3 the real 

transmittance, Treai, and real absorbance, Areai, for an ob
served transmittance, T0bsd, are given by

Treal = Tobsd/TbaseR ( 1 )

Areal = log fi + log Tba9e “  log Tobsd (2)

where R  is the correction for reflection losses and T base is 
the baseline transmission of the cell. (An abbreviated deri
vation of this expression is given as supplementary materi
al.) These expressions were tested using an empty cell with 
results shown in Figure 1. The transmittance of a single cell 
window corresponds to T base> while the transmittance 
curve for the empty cell may be used to calculate the cell 
thickness. Application of expression 1 gave a corrected 
curve which did not follow the expected Tbase curve. The 
reflection losses are apparently overcompensated. If the re

flection loss correction was reduced from R to v f l ,  the cor
rected curve closely followed the TbaSe curve between 1200 
and 400 cm-1 as shown in Figure 1 . The modified expres
sion was tested using n-pentane which has no absorption 
below 1400 cm-1 and again the corrected curve coincided 
with Tbase* We have therefore used the modified correction 
expression

Areal = % log R -  log (Tobsd) + log (Tbase) (3)

in the present study. The failure of expression 1 to describe 
the spectra obtained could be due to variation in flatness 
and parallelism of the cell windows and other small 
changes in the geometry of the cell.

The thin-film cell was constructed using an RIIC cell 
holder (FH0I) fitted with KRS-5 windows. KRS-5 is a suit
able window material for the study of aqueous solutions as 
it has a very low solubility and is transparent down to 200 
cm-1. The plates were polished to an optical flatness of 
about 3 fringes/cm for visible light. A Teflon spacer (~7 p) 
was used to provide the required cell cavity. The inlet and 
outlet tubes were fitted with Luer ports to allow the cell to 
be filled from a syringe. The cell was mounted in a thermo
statically controlled water jacket and temperature was 
measured by a fine thermocouple situated within 1 mm of 
the sample.

Throughout this study the librational band, 1200-250 
cm-1, was recorded on the Perkin-Elmer 457 spectropho
tometer. The j/3(E') nitrate band was recorded on the Per
kin-Elmer 225 as this instrument enabled the spectra to be 
recorded with an expanded wavenumber scale and hence 
more accurate transmission readings could be taken at 5- 
cm_1 intervals.

Determination of the Absorption Spectra of Water and 
Aqueous Solutions

The reproducibilities of the cell and spectrometer were 
tested by examining the spectrum of pure water. After tem
perature equilibration of the cell for 30 min the spectrum 
of water from 4000 to 250 cm-1  was run a number of times. 
A new sample of water was introduced for each run. The 
spectra were found to be reproducible to within 0.2% of the 
0-100% transmittance scale. This constancy of the trans
mittance over a considerable period of time reflects the sta
bility of the cell dimensions, which is essential if quantita-
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Figure 1. Reflection loss correction tests: (a) transmittance of cell window, Tbasg] (b) transmittance of empty cell, (c) transmittance of 
cell corrected for reflection loss, To^^/R; (d) transmittance of cell corrected for reflection loss, I"obsd /v^R.

tive measurements Eire to be made. Representative spectra 
of water and 6 M sodium nitrate are shown in Figure 2.

During the course of this study, because of the need to 
dismantle and reassemble the cell, the cell thickness varied 
up to 10%. The water librational band was adopted as a ref
erence standard which enabled the intensities of spectra 
obtained from cells of different thicknesses to be com
pared, quantitatively. Hence all librational band intensities 
were calculated as a ratio relative to the librational band 
intensity of pure water. A check was also made during a run 
on the constancy of the cell thickness, by running a water 
spectrum after every two or three samples. If the standard 
water band did not remain constant while all the solutions 
of one salt were run, the spectra were repeated. The spectra 
of aqueous solutions were obtained by using a procedure 
identical with that described for water. Approximately lk 
ml of sample was required to flush the previous sample 
from the cell, ensuring that the new solution was not con
taminated by the old.

All spectra in this study were run with the reference 
beam attenuated by approximately 10%. This lowered the 
spectral baseline, effectively expanding the transmittance 
scale of the recorded spectrum enabling more accurate 
measurements of transmittance to be made. Such a small 
attenuation was not considered to reduce the sensitivity 
significantly at higher absorbance as the band maxima are 
broad and flat. Because the spectra of solutions were re
ferred to the spectrum of pure water taken under the same 
conditions, it is not significant that the absolute absorb
ances are not correct.

The spectra of approximately 30 samples were run before 
clouding of the plates occurred because of the slight solu
bility of KRS-5. The cell was dismantled and the plates 
repolished. The cell thickness was redetermined after each 
dismantling operation.4

Refractive Indexes o f H2O, N aN 03, and NaC104 
Solutions

The “ reflection loss factor” , R, which compensates for 
the boundary reflections in a thin film can only be deter
mined if the ir refractive indexes of the solution are known.
As these refractive indexes are not available in the litera
ture, they were calculated by means of the Kramers-Kro- 
nig transform.5 (This is described in the supplementary 
material.)

Figure 2. Spectra of water and 6  M NaN03.

Experimental Section and Results
For the spectra of sodium, lithium, potassium, and am

monium nitrate solutions each curve was visually smoothed 
to compensate for random noise. The two weak nitrate 
bands iq(Ai') at 1048 cm-1  and V2(A2") at 831 cm-1, which 
are superimposed upon the librational band, were very 
sharp and were readily removed by extrapolation of the li
brational band. The relative absorbance curves (Arei) for 
each concentration were calculated. These were then con
verted to equivalent absorbances (related to the same 
water concentrations) by the relation Aeq = Are](55.5/ 
[HaO]) where [H20] is the molar concentration of water. 
From the area under the Aeq curves the relative molar in
tensity, In, the ratio of the solution librational band inten
sity relative to the water band intensity, was determined. 
The range of values of R, the reflection loss factor, is ap
proximately 0.900-0.970 and this causes the relative ab
sorbance and observed absorbance to differ by 3-6%. The ir 
librational bands at 30°C of H20, NH4NO3, and NaN03 
are shown in Figure 3, with the equivalent absorbance plot
ted against wavenumber.
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Figure 3. Infrared librational bands at 30°C for H20  and solutions of 
NaN03, UN03, and NH4N03.

The shape and symmetry of each band were investigated 
by determining the “ symmetry axis” of the band which was 
the line joining the midpoints of isoabsorbance chords of 
the band. The point at which the symmetry axis cuts the 
half-height isoabsorbance chord was defined as the band 
center, vq. The point at which the symmetry axis cuts the 
band is taken as the peak maximum frequency, vm- The

Figure 4. Variation of the relative intensity of the librational band with 
concentration change.

asymmetry index was then defined as = vC -  km- The 
greater the asyfnmetry of the band the greater the magni
tude of va8. The relative molar intensity, / R, the peak maxi
mum frequency, vm, the bandwidth at half-height, and the 
asymmetry index, v^, o f each band are listed in Table I. 
The several relative intensities for each solution were aver
aged and the mean value of / R for each sodium, lithium, 
potassium, and ammonium nitrate solution is plotted 
against the nitrate concentration in Figure 4.

The effect of adding alkali metal nitrates to water is to 
shift the bands to lower frequency and to increase the over
all intensity. The shifts for NaN03 and LiN03 are the same 
within experimental error. An increase in the electrolyte 
concentration from 0 to 8 M causes an increase in intensity 
of 27%, 16.5%, and 18% for LiN03, NaN03, and NH4N 03, 
respectively. The asymmetry indexes indicate that the 
bands for NaN03 and LiN03 solutions become more sym
metrical as the concentration is increased. The constant 
asymmetry indexes of the NH4N 0 3 librational bands show 
that almost no change in symmetry occurs as the concen
tration increases. The plots of the relative intensity against 
nitrate concentration (Figure 4) are not linear but slightly 
curved. The intensity is cation dependent with the larger 
cation producing bands of lower intensity, Li+ > Na+ > 
NH4+ > K+. The asymmetric shape of the pure water li
brational band, (Figure 3) is as observed previously.1’6 The 
band frequency i»m agrees closely with the value published 
by Draegert et al.6 The band is quite smooth without any 
sign of unresolved components.

Comparison of figures in Table I, for different runs, 
shows that the bands determined in this study can be 
quantitatively compared. The intensities of librational 
bands determined in this study are reproducible to within 
±2%. Variation of peak frequencies and half-widths which 
was normally less than ±10  cm-1  confirms the reproduc
ibility of the techniques.

The librational bands for NaN03, LiN03, and NH4N 0 3 
solutions in Figure 3 show a distinct isosbestic point. This 
suggests an equilibrium between two or more discrete 
species each making a distinct contribution to the absorp
tion band.7 The water involved in direct ion-water interac
tions, primary hydration (designated type A), is considered 
to give rise to absorptions which are distinct from those of 
all other waters including secondary hydration. The water 
molecules not involved in the primary hydration of an ion
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TABLE I: Relative Intensity ( /R), Mean Intensity, Peak Maximum Frequency (l>M), Half-Width, and Asymmetry Index (v ^ )  
of the Librational Bands of L iN 03, NaN03, KNQ3, and NH4NQ3 Solutions

Half-width, l'as.
Sample Conen, M Jr I r  (mean) I'M - c m '1 c m '1 cm -1

LiNOj 10 1.392 1.392 ±2% 580 ± 10 453 ± 10 +8
8 1.285

1.266
6 0 3 ' 462 0

8 1.246 606 446 - 3
6 1.192 1.192 616 475 0
4 1.105 635 483 - 7

1.110 -
4 1.115 650 ’ 465 - 1 5
2 1.025 1.025 680 463 - 3 0
1 1.005 1.005 687 460 - 2 7

NaN03 8 1.176
1.164 ±2%

595 474 —3

8 1.152
6 1.114 1.114
4 1.089

1.076
4 1.072
2 1.040

1.037
2 1.035
1 1.026

1.015
1 1.005

k n o 3 2.7 1.022 1.022
2 1.015 1.015
1 0.996 0.996

n h 4n o 3 10 1.249 1.249
8 1.180 1.180
4 1.058 1.058
2 1.030 1.030
1 1.015 1.015

are assumed to be spectroscopically identical with water in 
the pure liquid and this is designated type B. The observed 
absorption bands are therefore the sum of contributions 
from “ A” and “ B” water librations.

Using the technique described elsewhere4’8 (see supple
mentary material), the band was separated into compo
nents due to type A and type B water; also, the probable 
hydration numbers were determined. The variation of the 
relative intensity of the type A bands for nitrate solutions 
is shown in Figure 5. Up to concentrations of 8 M the rela
tive intensities show a linear variation with a distinct cat- 
ion-dependence evident. The smaller cations produce the 
greatest intensity. The “ best fit” hydration numbers are 5 
for the alkali metal nitrates and 4 for ammonium nitrate.

Temperature Effect on Librational Bands
The librational bands of water, NaN03, LiNOa, 

NH4NO3, and KNO3 were run at 10, 30, and 50°C. Deter
mination of the cell thickness, at each of the three temper
atures, showed that no change had occurred. The quantita
tive comparison of spectra obtained at different tempera
tures was thus simplified. The relative integrated intensity 
of each band was determined as a ratio relative to the water 
intensity at 10°C ( /R10), 30°C (IrM)), or 50°C ( /R50). The 
relative intensities, peak frequencies, vm, and the band 
half-widths for each temperature are listed in Table II. The 
librational bands of pure water, KNO3, and NaNOs at 10, 
30, and 50° C are plotted in Figure 6.

It is evident that temperature change produces smaller 
changes in the librational band than the addition of elec
trolytes. A 40°C temperature increase shifts the bands, at 
most, 60 cm“ 1 to lower frequency and produces an increase 
in Ir10 of as little as 5%. The magnitude of the temperature

595 472 —2
610 478 —3
645 488 - 3 0

640 481 —24
662 475 - 3 0

670 479 - 3 0
675 470 - 3 5

695 468 - 4 5
670 493 - 3 7
690 489 - 4 0
690 480 - 4 0
595 512 - 3 3
620 517 - 4 2
653 501 - 3 7
670 493 - 4 0
680 486 - 4 0

Figure 5. Variation with concentration of the relative intensity of the 
primary hydration librational band of LiN03, NaN03l KN03, and 
NH4N03 (legend as for Figure 4).

shift appears to be cation dependent with the order of 
change NH,j+ > H2O > Na+ > Li+. The band half-width 
increases slightly for water, 8 M NH4 NO3 , and 2.75 M 
K N 03, remains unchanged for 8 M LiN03, and decreases 
for 8 M NaN03. Comparison of 7 r 1 0 ,  I r 3 0 ,  and 7r50 shows 
that they are equal within experimental uncertainty. The 
water band frequency shift with temperature is approxi
mately —0.75 cm_1/deg which compares favorably with the 
value of —0.7 cm_1/deg determined by Draegert et al.6

Nitrate Bands
The spectra of NaN03, LiN03, and KN 03 solutions were 

examined. Quantitative spectra were not obtained for

The Journal o f Physical Chemistry, Vol. 80, No. 5, 1976



Structure of Aqueous Solutions 50S

TABLE II: Librational Band Characteristics for Solutions at 10, 30, and 50° C

____________ 10°C_____________________________30° C 50° C
Half- Half- Half-

Sample
Cone*

M r l o7R cm 1
width,
cm-1 r 1 ° yR r 30JR

i'M.
cm ' 1

width,
cm“1 T 10yR Ir50 cm 1

width,
cm -1

HjO 1.000 700 465 1.025 685 470 1.049 660 490
n h 4n o 3 1 1.000 1.045 1.020

2 0.988 1.045 1.020
4 1.050 1.062 1.036
8 1 .1‘01 640 490 1.144 1.116 610 501 1.140 1.090 580 525

NaN03 1 1.020 1.032 1.008
2 1.012 1.033 1.008
4 1.066 1.075 1.049
8 1.12 1 590 . 490 1.170 1.142 585 475 1.176 1 .12 1 560 450

LiNOj 1 1.032 1.049 1.024
2 1.040 1.064 1.038
4 1.105 1.130 1.10 1
8 1.285 600 430 1.302 1.273 600 430 1.392 1.267 585 430

k n o 3 1 1.000 1.019 0.995
2 1.031 1.043 1.018
2.75 1.032 675 490 1.053 1.027 670 490 1.102 1.032 654 505

Figure 6. Variation with temperature of the ibrational band of H20, NaN03 (8 M), and KN03 (2.7 M).

NH4NO3 solutions because of the interference of the ^(Fa) 
band of NH,t+, at 1410 cm-1. The transmittance from each 
spectrum was measured at 5-cm_1 intervals. The refractive 
indexes of NaNOa were used for LiNO:j and KNO3 solu
tions as the ¡/3(E') bands were similar in shape, half-width, 
and intensity. It was considered that no significant error 
was caused by this approximation. The relative absorb
ance, Arei, was determined by a procedure identical with 
that described for the librational band. This was the sum of 
contributions from a background water absorbance with 
the nitrate absorbance superimposed. The nitrate band 
baseline was found by extrapolating the water absorbance 
under the band. The residual water absorbance was sub- 
stracted from Arei leaving the absorbance due to the nitrate 
ion.

The integrated intensity of the ^(E ') band was deter
mined as a ratio relative to the intensity of the band for the 
4 M NaNC>3 solution. The resulting band profiles are shown 
in Figure 7 while band characteristics are collected in Table
III.

The </3(E') nitrate band in each case is obviously not a 
single band. This can probably be attributed to the lifting 
of the degeneracy. However, the NaN03 band appears to 
become more symmetric while the LiNOj band becomes 
more widely split with increasing concentration. The posi

tion of the low-frequency component (1350 cm-1) was de
termined with ease, but the higher frequency component 
appears as a shoulder with no distinct maximum, making 
accurate frequency determinations impossible. The peak 
frequencies for NaNC>3, KN03, and LiN03 are concentra
tion dependent while the frequency of the NH4NO3 band 
appears unaffected by concentration change. The shift of 
NaNC>3 and KNO3 to higher frequency is greater than for 
LiN03- The LiNC>3 band is shifted 10 cm-1  by a concentra
tion change from 1 to 8 M while the NaN03 band is shifted 
20 cm-1. The band half-widths also demonstrate marked 
cation effects with LiNOs again showing distinct behavior 
from that of NaN03 and K N 03.

The molar integrated intensity, Im, of the total contour 
(Figure 8) decreases rapidly at concentrations <2 M but 
tends toward constant value at higher concentrations. /  m 
does not appear to be significantly cation dependent.

The shift of the ir ^(EO'band of NaN03 solutions, as 
concentration increases, to higher frequencies with an ac
companied decrease in half-wdith and visually increased 
symmetry suggests a decrease in the splitting of the degen
erate band. This conclusion is confirmed by the Raman 
studies of this band which showed9 that the band could be 
analyzed into two components and that a small decrease in 
the band splitting did occur. A shift was observed of the
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Figure 7. Variation with concentration of v3(E') of nitrate ion for solu
tions of UN03 (1, 2, 4, 6, 8 M), NaN03 (1, 2, 4, 6, 8 M), and KN03 (1,
2, 2.7 M).

low-frequency component from 1348 to 1362 cm-1  which 
compares closely with the shift of the ir band from 1355 to 
1375 cm-1. For LiN03 solutions the findings are again sim
ilar to Raman measurements9 which show that consider
able increase in the band splitting does occur. At 10 M the 
splitting is 71 cm-1 which approaches the melt value of 110 
cm-1. The shift in the ir band, 1350 to 1360 cm-1, com
pared closely with that observed in the low-frequency 
Raman component, 1348 to 1356 cm-1. Hence the greater 
shift of M E') band in NaNC>3 than in LiNC>3 is shown in 
both the Raman and ir studies. However, the Raman data 
do show that at high concentration a sharp increase occurs 
in the LiN03 shift bringing it approximately equal to the 
maximum NaN03 shift.

The vi(Ai') and the MAg") bands were run under condi
tions of low resolution and were very weak. Hence the fre
quency values cited in Table III are subject to an uncer
tainty of at least ±5 cm-1  and any small shifts that may 
have occurred with concentration increase are not able to 
be detected. The ir frequency for the in(Ai') band shows 
cation dependence and is 1049 cm-1 for NaN03 and LiN03 
solutions and 1043 cm-1 for NH4N0 3. Raman studies of 
the in(Ai') band9’10 showed that its frequency was concen
tration and cation dependent. The frequency shifts were 
small, approximately 3 cm-1  for NaN03 and LiN03, but 
the cation dependence was the same as for the 1350-cm-1, 
M E'), band where the Na+ frequency was greater than 
that for Li+. The M A-') band for NH4N 03 solutions was 
not shifted by concentration increase.

TABLE III: Nitrate I>3(E’) Bands of Alkali Metal and 
Ammonium Nitrate Solutions

Concn, 11M > Half-width,
Sample M Jr“ h lb cm 1 cm ' 1

NaNOj 8 1.810 0.226 1375 105
6 1.455 0.243 1370 104
4 1.000 0.250 1365 105
2 0.585 0.292 1360 109
1 0.360 0.360 1355 110

KNO3 2.7 0.772 0.280 1360 101 ■
2 0.595 0.297 1358 103 -
1 0.364 0.364 1355 ' 106

LiNOj 8 1.840 0.230 1360. 130 ’
6 1.390 0.232 1358’ 124
4 1.035 0.259 1355 119
2 0.585 0.292 1353 115
1 0.372 0.372 .1350- 116

n h „n o 3 10 '1350
8 1350
4 1350
2 1355

Sample M A ,") M A .') Sample M a ," ). M A ,')
LiN03 830 1049 KNO3 832 1050
NaNOj 831 1048 NH4N 03 83Í ■ 1050

a/ R is the intensity relative to that of the band for 4 M 
sodium nitrate. is the molar relative intensity / R/ 
[NO,"].

Figure 8. Variation of molar relative intensity of t>3 with nitrate ion 
concentration for LiN03, NaN03, and KNO3 solutions.

Nature of Hydration o f Solute Salts
Information on ion hydration comes from the extraction 

of an “ A” band having a concentration-independent shape 
and position but having a band intensity increasing linearly 
with concentration. These observations are consistent with 
the bands arising from discrete stable water-electrolyte 
species M+(H20 )„X -  which increase in concentration lin
early with the concentration of electrolyte MX. It is not 
possible from these measurements to determine whether 
the water in these species is associated with the cation, 
with the anion, or with the ion pair. Other studies have 
shown that for electrolytes of the type M X 2 the hydration 
number is the same as for MY whereas for electrolytes of 
the type M2Z the hydration number is approximately dou
bled (M remains the same throughout). This indicates that 
the relaxation time of the measurement is short enough
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that anion hydration, in which water-exchange time is 
short, is not defined but that the hydration number refers 
to water bound to the cation.

The band maximum and band intensity of the librational 
“ A” bands show the influence of both cation and anion on 
the spectrum as shown in Table IV and Figure 5. The sim
ple cation-water interaction, although it yields a hydration 
number, is evidently insufficient to explain completely the 
spectral changes. The anion influence could be through the 
formation of hydrated ion pairs as previously pro
posed9,10’12'13 from studies of the nitrate ion in aqueous so
lutions aind in crystals. The further elucidation of the an
ionic influence requires the study of a wider range of elec
trolyte species.

Intensity o f Librational Bands
The intensity of a librational mode may not be depen

dent simply on the magnitude of the water molecule dipole 
moment. All electrolytes produce an increase in intensity 
accompanied by a" decrease in the frequency of the libra
tional band which indicates a direct relationship between 
intensity and frequency. It is possible that a low librational 
frequency indicates that the intermoleeular forces which 
restrict rotation are weak, allowing the less rotationally 
hindered water molecule to librate with greater amplitude. 
Increased amplitude involves a larger dipole change rela
tive to the rotational axes and would lead to a more intense 
ir librational band. If this view is correct, then the libra
tional intensity enhancement caused by electrolytes results 
from both the increased dipole moment and the increased 
librational amplitude. The' intensity of the “ A” bands 
shows the cation dependence, Li > Na > NH4. The 
frequencies of LiNCL and NaNC>3 “ A” bands are identical; 
hence, the intensity difference results from the more polar
izing Li+ ion inducing a larger dipole in the hydration 
water molecules by polarizing the nonbonding electrons on 
the oxygen atom.

At concentrations greater than 8 M the band characteris
tics of the LiN03 “ A” bands change. The band frequency, 
constant from 1 to 8 M, shifts to lower frequency, the half
width decreases, and the asymmetry index increases. At 8 
M, the “ B” water concentration approaches zero and the 
hydrated ion pairs will be adjacent. At higher concentra
tions the number of water molecules hydrating each ion 
pair must decrease and the water molecules become in
creasingly influenced by other neighboring cations and an
ions. Almost all water-water interactions will be disrupted. 
A more highly ionic environment can be expected to lead to 
the observed lowering of the librational frequency in 10 M 
LiNO.3. The decrease in the band half-width suggests that 
the water is becoming increasingly ordered.-4'15

The “ A” bands for NH4NO3 solution, unlike the sym
metrical “ A” bands of LiNOs and NaNC>3, are similar in 
shape to the librational band of pare water. Unlike the 
other ions, NH4+ is capable of H bonding tetrahedrally.16 
Hence it is considered that the ammonium ion in the 
species NH4+(H20 )4N03~ may be tetrahedrally H bonded 
to the primary hydration molecules which may not be sig
nificantly disoriented from their normal tetrahedral envi
ronment. The hydration water would then give rise to a li- 
bration band similar in shape to the pure water band. Dis
ruption and weakening of the primary hydration by inter
action with.the nitrate ion would broaden and shift this 
band to a lower frequency than the pure water band.

Our results give support to the generally held view that

TABLE IV: Librational “ A” Band Characteristics for 4 M 
Electrolyte Solutions

Salt I r PM, cm"1 Salt Ir I'M, cm 1
NaNO, 0.56 595 NaBr 0.68 530
NaClO, 0.69 570 Nal 0.60 500
NaCl 0.56 545

NH4+, with its four H-bonding protons, fits well into the 
structure of liquid water. The B viscosity coefficient for 
NH4+ is close to zero,17 NH4C1 barely affects the proton 
resonance of water,18 and the partial molar volumes of 
NH4+ and water are identical.19 Vollmar10 considered that 
NH4+ and H20  formed H bonds of similar strength. He ob
served that NH4N 03, unlike numerous other nitrates, pro
duced no change in the intensity frequency and half-width 
of the i'i(Ax') nitrate band, even at high concentrations 
when cation-anion contact was inevitable. It was concluded 
that there was similar hydrogen bonding between NO3-  
and either NH4+ or H20.

The relatively small frequency shifts and intensity 
changes in the ir librational bands of water and aqueous so
lutions suggests that temperature change weakens the in- 
termolecular structure by only a small degree. Weakening 
and distortion of water-water and NH4+-water H bonding 
leads to the shift to lower frequency and the increased half
width in water and 8 M NH4NC>3 solution. The strong Cou- 
lombic cation-water interactions which would predominate 
in 8 M LiNC>3 appear less influenced by temperature as evi
denced by the smaller frequency shift and constant half
width.

Small intensity increase of the ir librational band of pure 
water with temperature is in contrast to the large decrease 
in the corresponding Raman band.20 It seems that the po
larizability of the water molecule is much more sensitive to 
small changes in the intermoleeular H bonding than the 
water molecule dipole moment. This view is further sup
ported by the observation that electrolytes produce large 
increases in the Raman librational intensity while the ir in
tensity increase is relatively small.
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The lowest triplet of these xanthones has been studied by phosphorescence spectroscopy. In 1:1 ether:etha- 
nol, xanthone and its dimethyl derivatives have lowest triplets which contain considerable 3(x,ir*) charac
ter with some 3(n,x*) character as assessed from phosphorescence lifetimes. The spectral positions and 
phosphorescence lifetimes are determined in part by both positional and inductive effects of the substitu
ent. The phosphorescence of the dihaloxanthones exhibits additional spe.ctral changes which can be attrib
uted to an internal “ heavy atom” effect which we attribute to a greater participation of the 3(x,x*) compo
nent of a “ mixed” triplet state.

Introduction
The xanthone (abbreviated XAN) system (cf. Figure 1) 

has been the subject of numerous studies on its phospho
rescence properties in various media.2-9 Although the 
anomalous nonexponential phosphorescence decay of these 
xanthones2-3 might be a complex study in itself, we have fo
cused on the more obvious changes which methyl or halo
gen substituents produce in the phosphorescence of this ar
omatic carbonyl compound. Xanthone is well-suited for 
this type of study since earlier work has established the po
larization of several of its major absorption bands.2 The ad
vantage of full C2o symmetry which was exploited in that 
study is still applicable in this study since minor nonconju- 
gative substituents should not greatly perturb the Civ sym
metry of the xanthone system. Thus, by a judicious choice 
of methyl and halo substituents on the xanthone nucleus, 
one can separate the substituent positional effects from 
those of “ heavy atoms” in determining the spectral posi
tion and oscillator strength of the various excited triplet 
states of xanthone. It is known that an internal heavy atom 
in aromatic hydrocarbons can greatly enhance both radia
tive and nonradiative processes occurring from the lowest 
triplet.10 In aromatic carbonyl compounds one must con
sider the occurrence of a similar phenomenon an open 
question if only for the lack of but a small number of defin
itive studies. In the simple halogen-substituted benzophe- 
nones, all of which have a lowest 3(n,x*) state, no signifi
cant changes in the phosphorescence are observed.11 The 
phosphorescence of the halogen substituted flavones (3- 
phenylbenzo-l,4-pyranone, an aromatic ketone) is highly 
sensitive to the introduction of a “heavy atom” , and has led

to the assignment of its lowest triplet as 3(x,x*).12 In the 
xanthones, however, the problem is complicated by “ dual 
phosphorescence” and the interchange of 3(n,x*) and 
3(x,x*) states which can be effected by substituents or a 
change in solvent polarity.

The dual emission and sensitivity of the phosphores
cence of aromatic carbonyl compounds to various solvents 
and substituents has been explained by several mecha
nisms, some of which have been reviewed by Long et al.13 
One of the more widely accepted mechanisms invokes vi- 
bronic coupling between energetically similar 3(n,x*) and 
3(x,x*) states.13-16 In a previous study,7 the lowest triplet 
state of xanthone in 3-MP (3-methylpentane) between 2 
and 45 K and in EPA (ethanokdiethyl ether:isopentane, 5: 
5:2) at all temperatures has been assigned to a vibronically 
“ mixed” 3(n,x*) and 3(x,x*) state. The purpose of this 
study is to examine the effects of internal “ heavy atom” 
substituents on the phosphorescence of the xanthone sys
tem in polar aprotic solvents where one would expect a low
est triplet state having a “ mixed” configuration.

Experimental Section
Phosphorescence Spectra and Lifetimes. Phosphores

cence spectra were measured on an Aminco-Bowman spec- 
trofluorimeter calibrated with a low-pressure mercury 
lamp as previously described.12 No provision was made to 
correct for the spectral sensitivity of the analyzing system. 
All spectra were run in E:E (ethanol + diethyl ether, 1 :1 ) at 
a concentration of <5 X 10-5 M in 2-mm cylindrical quartz 
cuvets. E:E was selected since all of these xanthones are 
very soluble in this solvent mixture which forms a clear
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Figure 1. Structure and coordinate system of xanthone.

rigid glass at 77 K. Initial attempts to measure the phos
phorescence of the xanthones in various hydrocarbon glass
es were frustrated by solute aggregation which occurred on 
cooling. This produced “ cloudy” glasses which had a much 
lower optical density than the sample had at ambient tem
peratures. The absorption spectra of these samples consist
ed of broadened absorption bands rather than the sharper 
bands expected upon cooling. The xanthones were pre
pared and purified as described previously.17

Typically, an excitation wavelength of ~340 ±  5 nm was 
employed with 2-mm excitation slits. The analyzing por
tion of the unit had 0.5-mm entrance and exit slits which 
focused on an RCA 1P28 photomultiplier tube.

Phosphorescence lifetimes were recorded without de
gassing by interrupting the excitation light source with a 
shutter (risetime ~0.5 ms) and displaying the output on ei
ther an X -Y  recorder or an oscilloscope. The lifetimes were 
determined by a graphical procedure. Because these com
pounds frequently exhibit complex decay patterns, only 
the initial slopes were recorded for a better comparison. 
The average deviations of these lifetimes are less than 10% 
of the given value.

Results
The phosphorescence spectra and lifetimes of the xan

thones have been recorded in E:E at 77 K. The phosphores
cence spectrum of each of the xanthones is reproduced in 
Figure 2. The salient features of these spectra are as fol
lows. (1) No clearly defined 0-0 band is observed in any of 
these xanthones except perhaps 2,7-dibromo-, 2,7-diiodo-,
2-bromo-7-fluoro, and 2-bromo-7-chloroxanthone, each of 
which contains at least one atom in the 2 or 7 position with 
an atomic weight equal to or greater than that of bromine.
(2) The spectra of XAN and the dimethylxanthones are 
similar in shape whereas the series of dihaloxanthones from 
difluoro- to diiodoxanthone shows a reduction of the 430- 
and 460-nm bands and a growth in the band ~420 nm. (3) 
The phosphorescence lifetimes (cf. Table I) of these xan
thones are highly variable depending upon the substituent 
and position involved; substitution of a methyl group in the
2,7 position extends rp whereas 3,6-dimethylxanthone has a 
phosphorescence lifetime less than that of XAN. 2,6-Di- 
methylxanthone has a rp between that of the latter two di
methylxanthones. (4) In the series, 2,7-difluoro-, 2,7-di- 
chloro-, 2,7-dibromo-, and 2,7-diiodoxanthone, one ob
serves, with increasing atomic weight of the substituents, a 
decrease in rp which extends ever three orders of magni
tude. (5) Among the mixed dihalo compounds, one observes 
a slightly longer lifetime for 2-fluoro-6-bromo- or 2-chloro-
6-bromoxanthone relative to the corresponding 2,7-dihalo 
derivatives. Furthermore, among these last four xanthones, 
tp for the chloro derivative is less than that of the analo
gous fluoro compound. (6) A broadening of the 420-nm 
band appears when Br is moved from position 6 to 7. (7) No 
fluorescence was detected in any of the xanthones in E:E at 
either ambient or low temperatures.

Figure 2. Phosphorescence of the xanthones in ethanoliether (1:1) 
at 77 K.

TABLE I: Phosphorescence Properties of Substituted 
Xanthones in E :E at 77 K

Xanthone
3.6- Dimethylxanthone
2.6- Dimethylxanthone
2.7- Dimethylxanthone
2.7- Difluoroxanthone
2.7- Dichloroxanthone
2.7- Dibromoxanthone
2.7- Diiodoxanthone 
2-Bromo-7-fluoroxanthone 
2-Bromo-7-chloroxanthone 
2-Fluoro-6-bromoxanthone 
2-Chloro-6-bro mo xanthone

f?(0- 0)«, £ max,
kK kK rp, ms®

25.6 24.8 145
26.0 25.2 90
25.2 24.3 275
24.5 23.6 475
24.2 23.3 500
24.5 23.4 170
24.6 24.0 5
24.4 23.8 £ 0.5
24.4 23.6 13
24.6 23.9 11
25.0 24.0 40
25.2 24.1 25

a 0—0 band is determined from the spectral position at the 
onset of phosphorescence where 10% of full emission inten
sity is recorded. b Values are ± 10% for initial slope through 
1 decade.

Discussion
The five para-substituted benzophenones have lowest 

triplet energies within 0.20 kK of the mean (24.4 kK), tp 
which are 6-11 ms with the average rp = 9 ms and a similar 
spectral shape containing the C = 0  stretch frequency as a 
prominent vibration.11 The xanthones, however, have high
ly variable phosphorescence lifetimes and energies and 
only exhibit the carbonyl frequency in their phosphores
cence spectra if the samples are measured in hydrocarbon 
solvent. These distintions suggest that the xanthone and 
benzophenone triplet levels, i.e., 3(n,x*) and 3(ir,ir*), should 
not necessarily be correlated and that the mechanism 
whereby the xanthones obtain their phosphorescence in
tensity may be different. Polarization data are not useful 
for the assignment of the lowest triplet in the xanthones 
since most of these compounds have no well-defined phos
phorescence 0-0 band in E:E.18 Lifetime data alone are not 
useful since a short lifetime may be due to a 3(n,x*) state 
which is intrinsically short-lived and uneffected by heavy 
atoms or, alternatively, due to a heavy atom perturbation 
of a x-electronic system having an emitting -i(tr,ir*) state.

A correlation between the singlet-triplet transition prob-
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Figure 3. Plot of log rp vs. log atomic number of the halogen substi
tuted xanthones: (1) 2,7-difluoro-; (2) 2,7-dichloro-; (3) 2,7-dibromo-; 
(4) 2,7-dilodo-; (5) 2-bromo-7-fluoro-; (6) 2-bromo-7-chloro-; (7) 2- 
fluoro-6-bromo-; (8) 2-chloro-6-bromo-; (9) 1-fluoronaphthalene; (10) 
1-chloronaphthalene; (11) 1-bromonaphthalene; (12) 1-iodonaphth- 
alene. Curve A and the filled circles represent the dihaloxanthones; 
curve B and the open circles refer to the values for the 1-halona- 
phthalenes and are based on the data of McGlynn et al.22 Atomic 
numbers are taken as the total halogen weight in each of these 
compounds.

ability and the heavy atom substituents, haloxanthone, can 
be obtained from a plot of log rp vs. log (atomic number) 
where the atomic number is taken as the sum of the two 
substituents if they are different.19 In Figure 3, the diha
loxanthones (filled circles) show a fairly good linear fit to 
this relationship. A similar plot of the phosphorescence 
lifetimes of the 1 -halonaphthalenes is also linear and is 
nearly parallel to that of the xanthones. The lifetimes of 
the 1 -halonaphthalenes, however, are not as short as those 
of the dihaloxanthones which suggests that the lowest trip
let state of the xanthones may not be adequately described 
by a 3(ir,ir*) assignment. Similarly, the linear relationship 
between log kp and log 2 *. (7 where (7 represents the spin- 
orbit coupling factor of the hth substituent shown in Figure 
4 for the haloxanthones is comparable to that reported for 
the halogenated anthracenes20-22 which have a lowest 
3(w,-ir*) state and a skeletal structure similar to that of 
XAN. Although these similarities indicate that the lowest 
triplet states of the dihaloxanthones are 3(ir,ir*) and that 
the variation in phosphorescence is only a consequence of 
the presence of heavy atom substituents, the tremendous 
differences in spectral shape among the dihaloxanthones 
suggests that we are not dealing with “ pure” 3(ir,ir*) states; 
e.g., in comparing the 2,7-dihaloxanthones, one observes a 
gradual modification of the spectrum in going from 2,7-di- 
fluoro- to 2,7-diiodoxanthone.23 From this, one might con
clude that there is a change in the electronic configuration 
of the lowest triplet state of xanthone through this series of 
substitutions but the data of Figure 4 suggest that the low
est triplet state is 3(ir,x*) in all of the dihaloxanthones. 
These two observations are not inconsistent in a simple 
model in which the .owest triplet state of xanthone has a 
“ mixed” configuration in which both 3(n,ir*) and 3(tt,t*) 
contributions are important. Therefore, the phosphores-

2
LOG 2  S 

k k

Figure 4. Log kp vs. log 2 kfV2 lor the dihaloxanthones: (1) 2,7-dl- 
fluoro-; (2) 2,7-dichloro-; (3) 2,7-dibromo-; (4) 2,7-diiodo-; (5) 2- 
bromo-7-fluoro-; (6) 2-bromo-7-chloro-; (7) 2-fluoro-6-bromo-; (8) 2- 
chloro-6-bromo-.

cence lifetimes of XAN, the dimethylxanthones and 2,7- 
difluoroxanthone are not as short as that of benzophenone 
since character is “ mixed” into its lowest triplet
state. Similarly, from its phosphorescence lifetime, spectral 
shape, and energy, we suggest that 3,6-dimethylxanthone 
and XAN contain more 3(f»,irJr) character than the other 
ten xanthones. The 2,7-dibromo- and 2,7-diiodoxanthones 
contain largely 3(ir,ir*) character since (1) their lifetimes 
are much shorter than those of benzophenone or xanthone 
due to a heavy atom effect on 3(ir,7r*) states, (2) the spec
tral shape of these two xanthones lacks any progressions 
which usually characterize 3(n,-r*) states, and (3) the ab
sorption spectra of these two xanthones indicate lowest 

state whereas the other xanthones have lowest 
1(n,x*) states (unpublished results). It appears that the 
heavy atoms in the 2 or 7 position are more effective in 
mixing singlet character into the triplet state but the mech
anism for this is not clear. Although the relative contribu
tion of the 3(ir,ir*) configuration to the wave function may 
be small, the introduction of increasingly heavy atoms ap
pears to mix more singlet character into the lowest triplet 
state by virtue of only the 3 ( x ,7t * )  component of that state. 
We have divided the xanthones into three cases according 
to their triplet lifetimes, energies, and spectral shapes. Case 
a corresponds to a lowest 3(n,ir*) state and is similar to 
what one would predict for an aromatic carbonyl com
pound which has a relatively “ pure lowest 3(n,x*) state. 
This case is best exemplified by benzophenone which has a 
phosphorescence lifetime of 8.3 ms.11 Case b corresponds to 
aromatic carbonyl compounds having a lowest 3(tt,tt*) 
state, e.g., 2-acetonaphthone which has rp = 97 ms24 or fla- 
vone with rp = 675 ms.12 Case c corresponds in varying de
grees to the substituted xanthones in E:E studied here 
which have phosphorescence lifetimes which are between 
those of cases a and b except in the bromo or iodo deriva
tives which are assigned as having largely 3(tt,-k*) character 
in spite of the short rp (vide infra). The xanthones in E:E 
have a small amount of 3(n,x*) character and the introduc
tion of the heavier atom permits greater expression of the 
lowest triplet as a 3(7r,ir*) when the magnitude of the mix
ing of singlet character into the triplet state via a heavy 
atom mechanism exceeds that obtained by 3(n,7r*) spin-
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orbit coupled with a 1(7r,ir*) state; i.e., the transition proba
bility for phosphorescence would be given by the second - 
order spin-orbit coupling scheme

(^p l^so l> (t ,x *)> m ir ,T * ) \H Ev\3<P(n,**) )

where 1<t>p is the perturbing singlet, Hso is the spin-orbit 
coupling operator, and H ev is the operator for vibration- 
electronic coupling of the lowest zero-order triplet with an 
intermediate zero-order triplet state. Depending upon the 
system this scheme may involve a different perturbing sin
glet state and a different Hao. This description has neglect
ed the possible differences due to the oscillator strengths of 
the perturbing singlets and the energy gaps between the 
states. The series XAN ~  3,6-dimethylxanthone < 2,7-di- 
bromoxanthone < 2,7-diiodoxanthone represents the order 
of increased participation of the 3 ( t ,7t * )  state in determin
ing the phosphorescence lifetime of a vibronically per
turbed triplet state which has been described by15 3<j>(n,?r*) 
+ b3<ÿ(ir,7r*) and illustrates the dominating influence of 
3(ir,ir*) states in aromatic carbonyl compounds containing 
heavy atoms.'
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Conduction in hydrated zeolites is due to the movement of the supercage cations, while dielectric disper
sions in the kilohertz region are ascribed to the cations in the sodalite units. The activation energies and 
entropies for conduction vary in the range 100-30 k j mol-1  and —69 to 226 J mol“ 1 K“ 1, respectively, ac
cording to the type of cation and the cation-water ratio. The activation energies for cationic relaxation 
range from 100 to 58 kJ mol“ 1. A combination of these two techniques allows a study of the cationic distri
bution in mixed cationic zeolites. The stepwise dehydration down to 90 H20/unit cell does not affect the 
cationic distribution at low cation-water ratios but does to a limited extent at high cation-water ratios. 
Below that hydration level the zeolites undergo the change from hydrated to dehydrated cationic distribu
tion. Water molecules are highly polarized by the cations and no freezing in the sense of a sharp phase 
transition occurs upon cooling down to 200 K.

Introduction
The interpretation of dielectric dispersion data obtained 

on hydrated and partially hydrated zeolites X and Y is a 
matter of controversy. In the kilohertz region two relaxa

tions were observed, which were attributed to the cations, 
to water molecules, or to Maxwell-Wagner effects but no 
uniform interpretation could be extracted from the litera
ture.
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As long as the zeolite contained x-ray unlocalizable cat
ions, Lohse et al.1'2 found no water relaxation but a Max- 
well-Wagner effect at low frequencies and a cationic relax
ation at high frequencies. In the other cases high-frequency 
water relaxations were reported and, at high water con
tents, Maxwell-Wagner effects in the low-frequency range. 
The first case was confirmed by Jansen and Schoonheydt3 
for partially hydrated Na+- and K+-zeolites X and Y. How
ever, for the hydrated samples in the range 200-300 K 
these authors3 attributed the low-frequency (LF) relaxa
tion to the interstitial cations on sites III' in the superca
ges. The high-frequsncy (HF) relaxation was attributed to 
water molecules on the basis of the similarity between the 
dielectric and proton magnetic relaxation times.4 LF water 
and HF cationic relaxations were also reported by Morris5 
on partially hydrated A-type zeolites even in cases where 
the dehydrated zeolite contained unlocalizable cations, in 
contradiction with Lohse’s interpretation.1-2 Matron et al.6 
attributed the two relaxations in the kilohertz region to 
cations on different sites in the structure, whereas Chapo- 
ton et al.7 interpreted them as a Maxwell-Wagner effect 
(LF) and a cationic relaxation (HF). The latter explicitly 
showed that water relaxations occurred in the region 100 
MHz-10 GHz at room temperature.

Besides these different assignments of the relaxational 
spectra in the kilohertz region, there is no agreement on the 
mechanism of cationic relaxation and the cations involved,
i.e., their location in the structure.

In view of these results it was interesting to investigate a 
series of faujasite type zeolites, fully and partially hydrat
ed, to see how water influences the cationic relaxations in 
an effort to reconcile the conflicting interpretations of di
electric relaxations in the kilohertz region. These relaxa
tion studies were supplemented by conductivity data on 
the hydtated samples at low temperatures. They are com
pared with available tracer diffusion studies.8"12
Experimental Section

Samples. The Na+ forms of the zeolites were obtained 
by exchange of the commercial sieves (obtained from 
Union Carbide, Linde Division) with 1 N NaCl at room 
temperature for 24 h. No analysis was done but in view of 
this Na+ concentration and the large solid/liquid ratios (20 
g/1.) no large cation deficiency was expected.13 The ideal 
dehydrated unit cell formulae are: Na86.s(A102)86.5- 
( S i O 2) 105.5» Na69.8(A102)69.8(Si02)l22.2, Na,54.7( A102)54.7-
(SiO^) 1 3 7 .3 , and Na^8.2(A102)48.2(Si02)i43.8- These zeolites 
and those derived from them by ion exchange are denoted 
in this paper by the symbol F preceded by the main ex
changeable ion and followed by the silica-to-alumina ratio. 
This gives for the Na+-saturated zeolites respectively 
NaF2.5, NaF3.4, NaF5.0, and NaF5.8. The Ca2+ and Cu2+ 
forms prepared from the Na+-zeolites are listed in Table I 
together with their exchangeable cation content, deter
mined by atomic absorption after HF dissolution of the 
samples. The Ca2+ forms symbolized by the number 1 be
tween brackets were prepared by room temperature ex
change in 0.1 N CaCl2 for 24 h. CaF2.5(2) and CaF5.0(2) 
were prepared by exchange in 0.1 N CaCl2 at 90 °C for 14 
days and 3 months, respectively, with regular renewal of 
the exchange solution. The CuF5.0(l) and CuF5.0(2) were 
prepared by room temperature ion exchange with solutions 
containing the appropriate Cu2+/Na+ ratio to obtain the 
desired exchange level at a total normality of 0.1 during 24 
h. CuF5.0(3) was obtained after exchange at room tempera-

TABLE I: Cation Content of the Synthetic Faujasites
Cations/unit cell

Samples Na+ CaJ+ Cuî+

CaF2.5(l ) 16.1 36.2
CaF2.5(2) 2.0 42.2
CaF3.4(l ) 13.2 28.3
CaF5.0(l ) 14.7 20.1
CaF5.0(2) • 3.4 26.8
CaF5.8(l ) 14.1 17.0
CuF5.0(l ) 47.3 f 3.4
CuF5.0(2) 35.5 8.8
CuF5.0(3) 19.4 21.0

ture in 0.1 N CuCl2 solution at roomftemperature during 24 
h. Before use the samples were air dried at 50 °C and 
stored in a desiccator over a saturated NH4C1 solution.

Electrical Measurements. A detailed picture of the con
ductivity cell has been published.14 Essentially, it consists 
of a stainless steel three electrode system. The diameters of 
the lower and upper electrodes are respectively 1.55 X 10-2 
and 1 X 10-2 m. The guard ring electrode, lying around the 
upper electrode, has an inner diameter of 1.1 X 10~2 m. It is 
connected to the neutral line of the Wayne Kerr B221 
Mklll bridge-detector for measurements in the frequency 
range 200-2 X 104 Hz or of the Wayne Kerr B602 bridge for 
the 105-107-Hz frequency range. The sinusoidal signal gen
erators for these two bridges are respectively the Wayne 
Kerr S121 and Wayne Kerr SR268. The latter is a source- 
detector. The signal generated by the S121 can be chosen 
in the range 0-30 V. The amplitude of the signal generated 
by the SR268 is 2 V rms. Pellets of ~1.2 X 10~3 m thickness 
and 1.5 X 10-2 m diameter and a density of 63-75% of the 
real crystal density are obtained by pressing 300 mg of zeo
lite powder in a stainless steel die. A gold layer (>1 X 10-6 
m) is evaporated on upper and lower sides of each pellet to 
ensure good electrical contacts. A ring was scratched in the 
gold layer around the upper electrode to separate it from 
the guard ring electrode electrically. With this set-up the 
conduction G (ohm-1) and capacity C (F) are measured in 
the frequency range 200-3 X 106 Hz for different hydration 
levels and temperatures. At each point the applied signal is 
chosen for G and C to be independent of the amplitude. 
Usually the range 0.3-30 V is sufficient to cover the experi
ments. G and C are converted to the conductivity a = G(l/ 
sj and the electrical permittivity e' = C/C0 where l is the 
sample thickness and s the surface area of the sample 
under the upper electrode. C0 = e0(7/sj is the capacity of 
the system under vacuum (e0 = 8.85419 X 10-12 F m_1). 
One obtains the dielectric loss e" = o/u, where ut = 2irv and 
v is the frequency. Finally the loss tangent tgo = t" It' and 
the real and imaginary parts of the electrical modulus are 
calculated respectively from

W)2 + (e")2
and

(e')2 + (e'O2

The calculations were performed on an IBM 370 computer. 
The data were stored on magnetic tape from which they are 
plotted by a Calcomp plotter.

The advantage of using the tgb and M" notation besides 
«" ¡s that for a given relaxation with a distribution of times 
the average relaxation time deduced from the experimental

The Journal o f Physical Chemistry, Vol. 80. No. 5, 1976



Electrical Properties of Hydrated Zeolites 513

plots varies in the order (ry) > <rifs) > ( tm" )■ Thus, a re
laxation whose maximum intensity falls outside the experi
mental frequency range on the low-frequency side in the t" 
representation can be clearly seen in the tgb or M " repre
sentation and vice versa for the high-frequency side. More
over, the lowest intensity relaxation in the e" or tgo repre
sentations has the highest intensity in the M " representa
tion. This allows in some cases easy detection of relaxation - 
al phenomena which are obscured in fhe conduction tail of 
t" or tgb curves or by overlap with a more intense relaxa
tion.

Measurements on Partially Hydrated Zeolites. Iso
therms of the electric permittivity and the conductivity vs. 
water content were obtained at four different temperatures 
between 258 and 300 K and, for each temperature, at 15 
different frequencies in the range 200-3 X 106 Hz. The iso
therm?, were scanned by desorption of controlled amounts 
of water. The amount of water desorbed at each point of 
the isotherm was calculated from the weight change of an 
identical pellet : :. a Mac Bain balance, connected in series 
with the conductivity cell to the same vacuum system. It 
was assumed that the water loss of the pellet in the conduc
tivity cell was identical with that of the. pellet in the Mac 
Bain balance, both submitted at the same time to the same 
treatment. The desorption was continued until the conduc
tivity became immeasurably low. Controlled amounts of 
water were allowed to adsorb simultaneously on the pellets 
in the Mac Bain balance and in the conductivity cell in 
order to check the reversibility. The temperature was kept 
constant with a Haake Kältebad to within 0.5 K. At each 
point of the isotherm care was taken to measure equilibri
um values of conduction and capacity. Usually, at least 24 
h was needed after each desorption step before the system 
was electrically in equilibrium. At room temperature ~75% 
of the water content could be desorbed by simply pumping 
under vacuum. More water was desorbed by heating at in
creasingly higher temperatures under vacuum. However, in' 
no case was the temperature increased above ~473 K in 
order to avoid structural changes.

Measurements on Hydrated Zeolites. Measurements on 
fully hydrated samples were performed in the range 200 
K-room temperature, after equilibration of the pellets in 
air. The low temperatures were obtained by evaporation of 
liquid air in a vessel and by conduction of the cold air 
vapor in a jacket around the conductivity cell. The amount 
of air vapor, and thus the temperature, were controlled by 
application of a variable voltage on a resistance in the liq
uid air of the vessel.

Independently, low temperature thermogravimetric ex
periments indicated that no appreciable water loss or gain 
occurred during cooling of the pellets.

Water diffusion studies indicate that above 80% satura
tion water molecules adsorbed on the external surfaces 
dominate the diffusion process above 263 K .15’16 On com
pression into pellets these external water films, which may 
contain some dissolved cations, contact each other and pro
vide the pellet with easy passages for the electric current. 
As the temperature lowers, this water freezes17 around 268 
K and the intracrystalline properties become apparent 
below that temperature. Such phenomena are common to 
materials with high intra- to intercrystalline surface ratio. 
When this ratio becomes small no distinction between in
ternal and external surface properties is possible.18 Our 
conduction measurements on hydrated zeolites are there
fore significant only below ~260 K.

Figure 1. t' (F m~1) as a function of the logarithm of the frequency 
at 298 K for NaF2.5: (A) 276 H20/unit cell; (O) 177 H20/unlt cell; 
(■) 85 H20/unit cell; A, 45 H20/unit cell; • ,  19 H20/unit cell.

Results ;
Partially Hydrated Zeolites. Figure 1 shows the behav

ior at room temperature of t' as a function of the logarithm 
of the frequency at different hydration levels for NaF2.5. 
Two relaxations (I at high frequencies and II at low 
frequencies) are evidenced. As the water content decreases, 
relaxation II diminishes drastically in intensity to attain 
nearly zero intensity at 19 H20/unit cell. This makes relax
ation I apparent at the high frequency side of II. Its critical 
frequency decreases regularly with diminishing water con
tent, but because of the overlap with relaxation I it is hard 
to decide from Figure 1 if its intensity changes with water 
content. NaF5.0 has qualitatively the same behavior, ex
cept for the appearance of a third low-frequency relaxation 
at the highest water contents. Figure 2 shows the depen
dence of the critical frequencies of the three relaxations for 
NaF5.0, read from the tgb plots, on the water content. Re
laxation I of NaF2.5 is also shown. Its critical frequency is 1 
to 2 orders of magnitude larger than that of relaxation I for 
NaF5.0 at the same water content. Moreover, relaxation I 
of NaF2.5 persists down to 0 H20/unit cell. For NaF5.0 re
laxation I becomes apparent at ~140 H20/unit cell with the 
same intensity as relaxation I of NaF2.5 at 0-20 H20/unit 
cell. A decrease of the water content creates a sudden drop 
of intensity at ~60 H20/unit cell and at zero water content 
and room temperature no relaxation is observed in the ex
perimental frequency range. More detailed information 
about the intensity variations with water content are found 
in Table II (available as supplementary material). The in
tensity is arbitrarily taken as the tgb value at the critical 
frequency.

Partially Ca2+-exchanged zeolites exhibit also two relax
ations. By analogy with the corresponding Na+ forms, we 
denote the high-frequency relaxation as I and the low-fre
quency relaxation as II. An example is shown in Figure 3. 
This figure shows that II is only apparent at the highest 
water levels and that I can already be seen from ~220 H20 / 
unit cell. Figure 4 gives the dependence of the critical 
frequencies of I, taken from the tgb plots, on the water con
tent. At the same water level they are lower in Ca2+ sam
ples than in Na+-zeolites and above 120 H20/unit cell, the 
critical frequency is inversely proportional to the Ca2+ ion 
content. In the range 90-120 H20/unit cell a discontinuity 
in the critical frequency plots of CaF2.5(l), CaF3.4(l), and 
CaF5.0(l) is observed in the form of a sudden increase of
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Figure 2. The critical frequencies of the three relaxations in NaF5.0 
against the water content: (X) relaxation I for NaF2.5.

Figure 3. Double logarithmic plot of t ,"  as a function of the frequen
cy for CaF5.0(1) at room temperature: ( • )  251 H20/unit cell; (A) 
223 H20/unit cell; (■) 187 H20/unit cell; (▲) 137 H20/unit cell; (O) 
72 H20/unit cell; (□) 32 H2Q/unit cell.

Figure 4. The variation of the critical frequency of relaxation I with 
water content: ( • )  CaF5.8(1); (0) CaF5.0(1); (V) CaF3.4(1); (▼) 
CaF2.5(1); (O) CaF2.5(2).

the critical frequency. Below 90 H20/unit cell the critical 
frequency drops out of our experimental range on the low- 
frequency side and the intensities fall rapidly to zero 
(Table II). This evolution is valid for the four temperatures

Figure 5. as a function of water content: (O) CaF5.8(1); ( • )  
CaF5.0(1); (O) CaF3.4(1); (+) CaF2.5(1).

studied in the range 257-300 K. The activation energies for 
the Ca2+-zeolites given in Table II are'indep'endent of the 
water and the Ca2+ contents in the range 90-200 H20/unit 
cell. The average value is 58 kJ mol-1 .

Isotherms of the electrical permittivity as a function of 
water content are not easy to determine because the relaxa
tions extend outside the experimental frequency range in 
many cases (see Figures 1-4). If e„ is defined as the high- 
frequency limit of relaxation I, no isotherms can be de
termined for the Na+ forms. Those for the Ca2+-zeolites 
are shown in Figure 5. <«, decreases linearly with decreasing 
water content and the slope is steeper for CaF5.0(l) and 
CaF5.8(l) than for CaF3.4(l) and CaF2.5(l). The t=o values 
for the dehydrated samples were determined in our earlier 
work.19 The extrapolation to the first experimental points 
at ~50 H20/unit cell is taken arbitrarily to be linear. cs, de
fined as the low-frequency limit of relaxation II, is plotted 
against water content in Figure 6. The isotherms are char
acterized by a steep decrease from hydrated samples down 
to ~220 H20/unit cell, followed by a leveling off and anoth
er drastic decrease below ~90 H20/unit cell. All the phe
nomena described sofar are not reversible. Adsorption of 
controlled amounts of water invariably gave the same 
shape of the curves but at identical water content the value 
of f„, and critical frequencies were lower.

Hydrated Zeolites. At every temperature between 190 
and 300 K the conductivity is frequency dependent. Ex
trapolation to zero frequency to obtain dc conductivity 
values is only possible when no low-frequency relaxation 
occurs. Overall plots of a and er"  as a function of the loga
rithm of the frequency at different temperatures for 
NaF2.5 are shown in Figure 7 (microfilm). They illustrate 
the influence of the presence or absence of low-frequency 
relaxations on the behavior of the conductivity in the low- 
frequency range.

Conduction. Arrhenius plots of the dc conductivities are 
shown in Figures 8-10 (microfilm). Rather large scatter of 
experimental points is observed in some cases, due to the 
inaccuracy of the graphical extrapolation of the conductivi
ties to 0 frequency. In any case, only one conduction mech
anism is present. The conductivity of NaF5.0 exceeded that 
of NaF2.5 contrary to their behavior in the dehydrated 
state.14 The introduction of divalent cations decreases the 
conductivity with respect to the corresponding Na+ forms. 
This is especially evident for the Cu2+-zeolites. For the Ca2+- 
zeolites the conductivity follows the order CaF5.8(l) > 
CaF5.0(l) > CaF3.4(l) > CaF2.5(l) and this is the same as 
for the dehydrated case.19

The thermodynamic characteristics for the conduction 
process are summarized in Table III in terms of the activa
tion energy and activation entropy. The activation energy 
and entropy of NaF2.5 are considerably higher than those
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Figure 6. es as a function of water cortent: (O) NaF2.5; (■) NaF5.0; 
(V) CaF5.8(1); (▼) CaF5.0(1); ( • )  CaF3.4(1); (A) CaF2.5(1).

TABLE II I:  Activation Energies and Entropies for
Conduction in Hydrated Zeolites

AS,
E, J mol

H20/supercage kJ mol-l K“1
Sample cation (±10) (±20)

NaF2.5 3.7 (15 m)“ 100 226
NaF5.0 7.2 (7.7 m) 59 98
CaF2.5(l ) 8.2 (7 m) 46 -4 2
CaF3.4(l ) 10.3 (5.4 m) 56 3
CaF5.0(l ) 13.6 (4.1 m) 46 -21
CaF5.0(2) 20.8 (2.7 m) , 36 -B9
CaF5.8(l ) 14.7 (3.8 m) 64 68
CuF5.0(ll 7.3 (7.6 m)’ 72 111
CuF5.0(2i 8.5 (6.5 m) 54 16
CuF5.0(3i 14.6 (3.8 m) 44 -4 6

“The numbers in parentheses are the molarities of 
cationic solutions with the same concentration.

for NaF5.0. The introduction of divalent cations decreases 
both values significantly and AS becomes negative.

Relaxations. In the experimental frequency and temper
ature ranges two relaxations were observed. This is illus
trated in Figures 11-13 (microfilm). Again we denote the 
low-frequency relaxation by II, the high-frequency relaxa
tion by I. The activation energies for relaxation I are sum
marized in Tables IV and V. They are equal to those for 
conduction in NaF5.0 and NaF2.5 but for the Ca2+- and 
Cu2+-zeolites they are significantly higher. The shapes of 
the experimental curves in Figures 11-13 are indicative for 
large distributions of relaxation times. This is a common 
characteristic for the zeolites, whether hydrated, or dehy
drated.1419 The distribution of relaxation times is especial
ly large for hydrated Cu2+-zeolites (Figure 12). Because of 
this, the incompleteness of the relaxations, the superposi
tion with a low-frequency relaxation, and a conduction 
phenomenon a more detailed analysis could not be per
formed with reasonable accuracy. The intensities of relaxa
tion I, taken as tgi5 at the critical frequency are tempera
ture dependent. For Ca2+-zeolites relaxation I starts to ap
pear around 220 K, increases steeply in intensity to reach a 
maximum value which is inversily proportional to the Ca2+

TABLE IV : Maximum Values of tgb and Activation 
Energies for the High-Frequency Relaxation of Hydrated 
Zeolites

Sample tgb (±0.05)

E,
kJ mol-1 

(±10)

No. of cations/ 
unit cell in 
dense cages

Na+ Ca2+
NaF2.5 0.57 (243K) 102 17
NaF5.0 0.59 59 20
CaF2.5(l ) 0.20 77 16.1 6
CaF3.4(l ) 73
CaF5.0(l ) 0.38 77 14.7 4.7
CaF5.0(2) 0.32 70 3.4 11.0
CaF5.8(l ) 0.42 84 14.1 4.7
CuF5.0(l) 0.48 (248K)
CuF5.0(2) 0.40 64
CuF5.0(3) 0.30 86

TABLE V: Temperature Dependence of Maximum Values
of tgb for NaF2.5

tgb tgb
T, K (±0.05) T, K (±0.05)
218 0.45 234 0.62
221 0.50 243 0.57
231 0.65 244 0.55

content. This behavior is illustrated in Figure 14. The same 
temperature dependence was observed for the Cu2+-zeo- 
lites. The maximum tgb values are given in Table IV. For 
CuF5.0(l) this value is temperature dependent: tgb = 0.64 
at 228 K but 0.48 at 240 K. The intensity of relaxation I of 
NaF2.5 reaches a maximum of 0.65 at 231 K ajid decreases 
at higher temperatures (Table V). For NaF5.0 relaxation I 
could only be seen below 220 K, but its intensity remained 
constant at 0.59 in the 190-220 K range.

Discussion
As the partially hydrated zeolites were studied during 

dehydration we start with the discussion of the data of hy
drated zeolites, proceed to the partially hydrated forms, 
and attempt to link the data to those obtained on dehy
drated zeolites.1419

Hydrated Zeolites. Conduction. The decrease of the con
ductivity with divalent cation content and the dependence 
of the thermodynamic parameters of conduction on the 
number and kind of exchangeable cations translate the fact 
that conduction in hydrated zeolites is ionic, the exchange
able cations being responsible for the conduction. The na
ture of a conduction experiment is such that diffusion of 
the fastest cations is measured, i.e., the supercage cations. 
The activation energy of 100 k j mol-1 for Na+ diffusion in 
hydrated NaF2.5 is much higher than the activation energy 
for diffusion in dilute ionic solution20 but remarkably 
agrees with that of Li+ in concentrated (8-12  m) LiCl solu
tions.21 From this comparison with ionic solutions the 59 
kJ mol-1 for NaF5.0 can be explained by the difference in 
cationic concentration of the supercages of NaF5.0 and 
NaF2.5. There are 3.7 water molecules per Na+ in NaF2.5, 
not enough to fulfill the coordination requirements of Na+. 
In order to achieve their coordination the Na+ ions are 
preferentially located near sites II: Olson22 reports 24 Na+ 
on II in NaF2.5 and Costenoble23 only 5.3 in NaF5.0. As a 
consequence too the cationic population of sites I and the 
cubooctahedra is completely different for the two zeolites: 
Olson22 finds 9 Na+ on I and 8 Na+ on F in NaF2.5; Coste-
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the zeolites.

noble23 finds no Na+ on I, 14.1 Na+ on I', and 5.8 on II' in 
NaF5.0. Thus, as in the dehydrated state19 the cationic oc
cupancies of the sites are not independent of each other. 
Our activation energy for Na+ diffusion in NaF2.5 (100 kJ 
mol-1) contrasts with the value of 40.5 kJ mol-1 reported 
by Brown and Sherry12 from isotopic diffusion studies in 
the temperature range 276-299 K and the 36.8 kJ mol-1  
found by Jansen and Schoonheydt3 at 103 Hz. The latter 
was obtained from nonequilibrium measurements. This, 
and the fact that no real dc conductivities were shown, 
makes comparison with the present results difficult. In any 
case the discrepancy with the isotopic diffusion studies re
mains and it may be that two diffusion mechanisms are 
present, depending on the temperature range.

The decrease of the conductivity, activation energy, and 
activation entropy (Table III, Figure 9 and 10) upon intro
duction of divalent cations parallels the behavior of the 
Na+ conductivity in the corresponding dehydrated forms.19

Although no detailed cation distributions for the present 
samples are available 24,25 the ion exchange data26-28 indi
cate that the majority of charge carriers in the supercages 
are the divalent cations, except for CuF5.0(l) and 
CuF5.0(2). The variations among the activation energies 
and activation entropies may not so much reflect changes 
in the cationic composition of the supercages than varia
tions in concentration of the supercage solution with vary
ing divalent cation content. It is interesting to compare the 
present data to those obtained from radiochemical diffu
sion studies.8-11 For Ba2+, Ca2+, and Sr2+ in the supercages 
two activation energies were reported. Below 273 K it was 
~83 kJ mol-1, above 273 K it was ~40 kJ mol- 1 .8-10 Thus, 
the activation energies of the present study (T  < 273 K) 
agree with those obtained above 273 K with the radiochem
ical technique. Why this is so cannot be answered yet. Re
cently, Dyer and Townsend11 ascribed the high-tempera
ture diffusion of Zn2+ in synthetic zeolites X  and Y to mi
gration of Zn2+ in the cubooctahedra and the low-tempera
ture diffusion mechanism to Zn2+ in the supercages. The 
latter assignment is in agreement with our interpretation.

As the available sites and the exchangeable cations con

stitute a sublattice with a large number of vacancies, cat
ionic motion is a cooperative process, complicated by the 
presence of water.

We note with Calvet29 that at high cation-water ratios, 
the cations cannot hydrate themselves in the activated 
state because every water molecule is already in interaction 
with a cation. They only provoke a local disorder in the sys
tem upon diffusion and the activation entropy is positive. 
If “ free” water molecules are present, i.e., at low cation- 
water ratios, the cations can hydrate themselves in the acti
vated state and AS is negative. However, whether the cat
ions are hydrated in the sense that the hydrated cation be
haves as a well-defined unit is unlikely. In solution the hy
dration number of the cations tend to zero above 1.67 M for 
Na+ and 0.95 M for Ca2+.30 These concentrations are much 
lower than those in the supercages of the zeolites. Probably 
the cations in the zeolites are not hydrated or only partially 
but are mainly surrounded by coordination water, the 
terms hydration and coordination being defined as Bockris 
and Saluja did.30

Relaxations. As the hydrated zeolites exhibit ionic con
ductivity we expect a Maxwell-Wagner effect in the kilo
hertz region and assign the low-frequency relaxation to it. 
The intensities and the activation energies of the high-fre
quency relaxation are cation dependent. This is a cationic 
relaxation, i.e., an ionic relaxation due to the restricted mo
tion of exchangeable cations. In the dehydrated state two 
cationic relaxations were revealed: one around room tem
perature and ascribed to the cations on sites III' and one at 
high temperatures, due to the migration of cations within 
the sodalite cages.14,19 The intensity of these processes is a 
function of the cationic occupancy of these sites and espe
cially for the cations in the cubooctahedra, it can be shown 
that the maximum intensity of the relaxational process oc
curs at approximately two cations per cubooctahedron.31 
We believe that it is this relaxational process of cations in 
the cubooctahedra which is measured on the hydrated zeo
lites. Indeed, the maximum intensities for the Ca2+- and 
Cu2+-zeolites are inversely proportional to the Ca2+ and 
Cu2+ contents, a fact which cannot be explained on the 
basis of the cationic content of the supercages (mainly M2+ 
ions) nor on the basis of the number of residual Na+ ions. 
The latter are nearly in equal number for the samples 
CaF2.5(l), CaF3.4(l), CaF5.0(l), and CaF5.8(l) although 
the relaxational intensities differ by a factor 2 (Tables IV 
and V). Moreover the activation energies for the ionic re
laxation in divalent zeolites are significantly higher than 
those for the conduction process in the supercages, suggest
ing that cations in other parts of the zeolitic structure are 
active. It can then only be a cationic migration within the 
cubooctahedra. The activation energy difference between 
migration in supercages and migration in cubooctahedra 
reflects (i) the different cation-water ratios; (ii) the differ
ent cationic compositions of the cubooctahedra. This pic
ture of the ionic relaxation process, together with the pub
lished cation occupancies of the sodalite cages for NaF2.5 
and NaF5.022,23 allows the construction of Figure 15 with 
the aid of the tgS values of Tables IV and V. Interpolation 
of the tgh values for the Ca2+- and Cu2+-zeolites allows a 
calculation of the number of charges per sodalite cage for 
the different zeolites. This number is higher than the total 
Na+ content for the Ca2+-zeolites, CuF5.0(2) and 
CuF5.0(3). Thus, the sodalite cages are at least partially oc
cupied by Ca2+ and Cu2+ ions. For CaF5.0 zeolites Coste- 
noble23 recently showed that sites I were empty and all the
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residual Na+ ions were in the cubooctahedra. On this basis 
the cationic occupancy of the cubooctahedra of CaF5.0(l), 
CaF5.0(2), and CaF5.8(l) was calculated from Figure 15 
and reported in Table IVA to be in excellent agreement 
with the x-ray data.23 If in CaF2.5(l) all the Na+ ions are 
also supposed in the sodalite cages, 6 Ca2+ must be put 
there too to fulfill Figure 15. The agreement with the x-ray 
data may be considered as another a posteriori proof of our 
assignment of the cationic relaxation to the cations in the 
cubooctahedra. The occupancies of the small cages by diva
lent ions in partially exchanged zeolites may be due to the 
drying process at 323 K after exchange followed by storage 
in the exicator. It may also be due ~o direct exchange with 
Na+ in the small cavities as suggested by Maes and Crem- 
ers for transition metal ions.28 The fact that a relaxational 
process, due to cationic motion within the sodalite cages, is 
measured does not mean that these cations do not move 
out into the supercages. Indeed, maximum intensities are 
observed at characteristic temperatures for each cation 
suggesting that above these temperatures exchange is es
tablished between cations in cubooctahedra and in super
cages as explained by Brown and Sherry.12 Below these 
temperatures cationic motion is restricted mainly inside 
the cubooctahedra and this idea has been proposed by 
Hoinkis and Levi.8 Thus, on the basis of the present results 
we conclude that the interpretations of the isotopic diffu
sion data by Brown and Sherry12 and Hoinkis and Levi8 are 
both valid for zeolites. However, they predominate in dif
ferent temperature ranges.

Partially Hydrated Zeolites. The desorption of water 
leads to a discontinuous decrease of £s and the conductivi
ty, while e® decreases linearly. The steep decrease of ts near 
saturation is clearly due to intercrystalline water which 
provides the pellets with easy passages for electrical cur
rent. The remaining asymptotic behavior reflects the varia
tion of the cationic mobility with decreasing water content. 
It shows that below 80-100 H20/unit cell the cations are 
immobilized very fast. This water content corresponds to 
that below which the critical frequency of relaxation I and 
its intensity fall to zero too. This correspondence suggests 
that relaxation I is a cationic relaxation. This conclusion 
follows also from the fact that for NaF2.5 relaxation I goes 
over in the cationic relaxation of the dehydrated sample.14 
Relaxation II is then the Maxwell-Wagner effect, while re
laxation III is an electrode polarization phenomenon. The 
latter two are spurious effects, introduced by the hetero
geneity of the systems under discussion and are disregard
ed in the following.

The experimental data gathered in Table II can be divid
ed in two groups. The samples CaF5.0(l) and CaF5.8(l) 
with low cation-water ratios have constant relaxational in
tensities down to ~90 H2O. The samples CaF3.4(l) and 
CaF2.5(l) with higher cation-water ratios show an increase 
of the relaxational intensity with water content down to 
~90 H20/unit cell. Not enough water levels could be inves
tigated for the Na+ forms to substantiate this point. These 
results means that at low cation-water ratios dehydration 
down to 90 H20/unit cell does not affect the cationic distri
bution, a conclusion confirmed by unpublished x-ray re
sults on CaF5.0(2).23 When this cation-water ratio in
creases water molecules directly coordinated to the cations 
are affected by the dehydration and, as a result, cations 
rearrange themselves and affect the relaxational intensity. 
However, the main redistribution occurs below 90 H20 /  
unit cell as shown by the sudden decrease of both the relax-

Figure 15. Tgb vs. the occupancy of sites I' in the sodalite cages.

ational intensity and the critical frequency. The discon
tinuities at 90-120 H20/unit cell in the plots of Figure 4 
may indicate an enhanced cationic mobility due to the start 
of this rearrangement.

For NaF2.5 the cationic relaxation goes over into that of 
the dehydrated state and is therefore also ascribed to site 
IIF cations moving between two occupied sites II.14'19 For 
the other samples the data do not allow a clear distinction 
between a relaxation due to migration of cations on IIF or 
due to cationic jumping inside the cubooctahedra. Indeed, 
as dehydration affects mainly the water content of the su
percages, and thus, decreases the cationic mobility therein, 
it may well be that relaxation I is due to interstitial cations 
in the supercages, becoming immobilized upon gradual de
hydration. The sudden drop of intensity below 90 H20/unit 
cell reflects then the redistribution of the cations from a 
“ hydrated” to a “ dehydrated” distribution, leaving no or 
nearly no cations on sites IIF.19 The difficulty with this in
terpretation is that it does not offer an explanation for the 
tremendous difference in critical frequency between the 
samples (Figures 2 and 4). If, on the other hand, relaxation 
I of the partially exchanged zeolites is ascribed to jumping 
of cations inside the cubooctahedra, it must be assumed 
that, as the very beginning of the dehydration decreases 
their mobility (Figures 2 and 4), this initial dehydration af
fects the water content of the cubooctahedra. It is not clear 
then why the activation energies are independent of the 
water content, and, in any case, lower than for the same re
laxation on the hydrated forms but at lower temperatures. 
Also, because the intensities do not conform with those of 
the hydrated forms the cationic occupancy of the sodalite 
cages should be dependent on the temperature and the 
water content, especially for the samples with high cation/ 
water ratios, NaF2.5, NaF5.0, CuF5.0(l), CaF2.5(l), and 
CaF3.4(l). It should be interesting to verify this by x-ray 
diffraction studies of hydrated and partially hydrated zeo
lites at different temperatures below room temperature.

In these interpretations of the relaxational behavior of 
hydrated and partially hydrated zeolites in the kilohertz 
region there is no room for a water relaxational process. We 
agree with Lebrun and coworkers7 that these phenomena 
take place in the frequency range 100 MHz-10 GHz. The 
consequence is that the variations of e„, the high-frequency 
limit of the cationic relaxations, reflect the properties of 
the adsorbed water molecules at different hydration levels.

An exact procedure to extract the electrical permittivity 
of adsorbed water does not exist but some approximations 
have been discussed by Me Intosh.32 The results from the 
Fiat-Folman-Garbatski treatment33 and the extended 
Böttcher equation are summarized in Table VI. Although 
the absolute values may be of little use for further quanti
tative work they clearly express that zeolitic water is highly
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TABLE VI: Electrical Permittivity of Adsorbed Water

h 2o /
unit cell

CaF5.0(l ) CaF2.5(l )
Fiat 
et al.

Böttcher
(extended)

Fiat 
et al.

Böttcher
(extended)

50 3.41 3.07 2.90 2.72
100 8.09 6.42 5.04 4.49
150 13.84 11.37 7.54 6.55
200 23.07 18.45 10.56 9.07
250 35.62 28.80 13.75 11.75

polarized under influence of the surface and the exchange
able cations. The higher the cation content the lower the 
electrical permittivity of adsorbed water. The electrical 
permittivity of a 4 M solution is 46.4,34 as compared to 
35.62 found for hydrated CaF5.0(l) with the same cationic 
concentration in the supercages. The influence of the sur
face may account for the difference. For CaF2.5(l) t (HoO) 
is lower than usually reported for concentrated ionic solu
tions.34 Such low electrical permittivities are indicative of 
the fact that freezing of water in the supercages of the zeo
lites is impossible in the sense of a real phase transition. Of 
course, as the temperature lowers cations and water mole
cules are immobilized gradually as evidenced by our experi
ments. It should be interesting to see if at very low temper
atures this results in an ordering of the water molecules, 
which may be called a glass transition.35
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The effect of substituents on the ESR parameters of nitroaromatic radical anions in aqueous solutions has 
been studied by observing the spectra of some 20 such radicals using the in situ radiolysis steady-state ESR 
technique. The results focus on the effect of substitution and disubstitution at positions ortho to the nitro 
group. Higher nitrogen splittings were found to result in lower hyperfine constants for both para and ortho 
protons (or methyl groups), while meta hydrogens are affected to a much smaller extent. An inverse linear 
correlation is in fact found between aijo, and tipara. When increases to values greater than ~20  G the 
meta proton splittings become higher than those for the para and ortho protons. The effect of an ortho OH 
group is relatively small but the effect of its basic form (O- ) is comparable to that of a methyl group. A 
strong synergistic effect of the second substituent in ortho disubstituted nitroaromatics is observed. It is 
also found that the rate of electon-transfer reaction from (CHa^COH to the parent compounds can be cor
related with the spin density on the ring of the resultant radical anion as indicated by the inverse correla
tion with (Zno2-

The effect of substituents on the geometry and the elec
tronic structure of nitroaromatic molecules and their radi
cal anions have been studied in detail. Several techniques, 
including uv and NMR spectroscopy and dipole moment 
measurements, have been utilized in elucidating these ef
fects in the parent molecules.2 The same effects in the radi
cal anions have bee a  studied using ESR spectroscopy,3' 7 
while polarographic6'.® and kinetic studies2 yield informa
tion concerning the effects of substituents on the energetics 
of the transformation from the molecule to its radical anion 
and the activated complex involved. Recently we have been 
able to correlate the one electron reduction potentials of 
several nitro aromatic compounds in aqueous solutions 
with the nitrogen hyperfine constants (ono2) for the radi
cals.10

The effect of electron-withdrawing groups in decreasing 
atN02 and of electron-donating groups in increasing <Zno2 was 
correlated with Hammett’s constants.3 The relevance of 
such a correlation was intensified by the comparison of the 
effect of the same substituents in different conjugated sys
tems.3 These correlations were, however, confined mainly 
to substitution at positions para and meta to the nitro 
group. On the other hand, the most striking effect of sub
stitution or disubstitution occurs at the ortho position. The 
work of Geske et al.7 clearly establishes that the effect of 
such a substitution exceeds by far any mesomeric effect 
and has to be attributed to spacial twisting of the nitro 
group out of the plane of the benzene ring. Recent INDO 
MO calculations corroborates these conclusions.11 The cal
culated twist angles in the radicals resemble those estimat
ed for the molecules.7

The only substituents studied thus far from this point of 
view are the bulky methyl and tert-butyl groups in nitro- 
benzenes and nitroanilines in organic solvents. We have 
undertaken the present study with the hope of gaining fur
ther insight into the effect of polar charged and uncharged 
ortho substituents in nitrobenzene radical anions in aque
ous solutions. Some specific effects due to the water are to 
be expected and ajjj02 >s usually found to be higher in this 
solvent than in aprotic solvents.12 Indeed, it was found that

hydrogen bonding between the nitro and the hydroxyl 
group in o-nitrophenol radical anion results in a pro
nounced increase in the pKa of this proton.13 Two tech
niques were used in this study. One was the in situ radioly
sis steady-state ESR technique and the other was kinetic 
spectrophotometric pulse radiolysis which enables us to 
measure the absolute rate constants for electron transfer 
from the 2-propanol radical to the nitro compound.

Experimental Section
Deoxygenated aqueous solutions containing I0-4 to 10“ 3 

M of the nitroaromatic compound, 0.1 M isopropyl alcohol, 
and 5 X 10-3 M phosphate buffer at pH 7 (unless otherwise 
stated) were irradiated by 2.8-MeV electrons from a Van de 
Graaff accelerator. Radiation produced eaq_ reacts with 
ArN02 at diffusion-controlled rates, while H and OH react 
with the alcohol to produce (CH3)2COH which also reduces 
ArN02 efficiently. The nitroaromatic radical anions thus 
produced were studied by the steady-state in situ radiolysis 
ESR technique.13

Rate constants for the reduction of ArN02 by 
(CH3)2COH were determined by kinetic spectrophotomet
ric pulse radiolysis using N20  saturated solutions. Experi
mental conditions were adjusted such that eaq_ is quantita
tively converted into OH by reaction with N20  and then all 
OH and H react with isopropyl alcohol. The absolute rate 
constant for the reaction of (CH3)2COH with ArN02 was 
determined by following the kinetics of formation of the 
ArN02~ optical absorption, usually at 300-350 nm. The 
total radical concentration produced by the pulse was kept 
at 1-3 juM to minimize second-order decay. Details of the 
computer-controlled pulse radiolysis system have been 
given previously.14

Results
The ESR spectra recorded with irradiated aqueous solu

tions of the nitroaromatic compounds were usually of high 
line intensities because of the relatively long lifetime of the 
radical anions observed. In a few cases, the spectra were 
quite complex and despite the reasonable line intensities
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TABLE I: ESR Parameters o f Nitroaromatic Radical Anions“ and Rate o f Reduction o f Their Parent Compounds 
by (CH3)2COH _________________________________

Radical pH g NO, o(others) fe,, M 's  1

NO,-

1
2.00470* 11.57 3 .24(2 ) 1 .08(2) °C H = 0.43 3.8 x 10°'-

C0CH3

no,-

2 IQ
COCH,

NO,“
-0 JL ^CO.-

k Y  7 -14

NO,-

4

NO”

5 ¿ 1
nh2

V i ,

10 ¿

2.00448* 13.66 3 .38(2 ) 1.12 3.60 c c Hj < 0.1

2.00459 13.68 1.17(2) 3.36

6,12 2.00448^ 14.20 3.38(2) 1 .15(2) 3.65

1.5 X 10»

1.6 X 109e

2.00451 14.20 3.30(2) 1.10 3.53 a^ H = 0 .4 3  1.5 X 109

aNH, = 022

2.00442 14.45 3.39(2) 1.13(2) 3.82(CH3)

2.00458 14.64

2.00468 14.68

2.00467 14.82 f

1.01; 0.91 3.45 a 3 H = 0.28 3.3 x 10

7,14 2.00451^ 14.85 3.39 1.04; 0.91 3.60 a g H = 0.38

NO,'

11  ( ¿ )

nh2
no2"

42 CO
OH
NO,“

13 .NH,

2.00441 14.90 3.35(2) 1 .05(2)

2.00448 14.94 3.62; 3.18 1.08

2.00457 15.22

“ n h , = 1 05 7.2 x 10s

aNHj = 1 0 5

aNH2 “ 0-43 
“NH, = 0-43

9.2 X 10s
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TABLE I (Continued)
Radical pH g j n o 2

0 0
h N /  h  

14 / I \

15

20

22

10
no;

.CH

P\./
H N

no;

18 "ox-

19

.CH..

P
no ;

o j

NO,"

CH

no;
21 -a  1 0”

no. ;
CH, CH,

C H , 

no;

2.00463 15.60

2.00474 16.69 2.73;
2.22(CHj

0.99(2) 3.41

1.23; 0.95 2.73

2.00477 17.37 1.94(CH3) 0.92(2) 2.48

2.00474 17.67 2.71; 1.14; 0.88
2.02(CH3)

2.00501 19.18 0.98(CH3) 0.98(2) 1.43

CO. i M KOH 2.00489 19.64 0.89; 0.73 1.24

2.00502 21.65 0.32(CH3) 0.93; 0.75 0.41

1 M KOH 21.68
4 M KOH 2.00499 21.84

0.82(2)
0.82(2)

0.37
0.30

521

a(others) ft,, M ' s

agH = 0.34(2) 6.8 x 10”

4.8 X 108

2.00501 21.95? 0.30(2CHj) 0.89(2) 0.30(CH3)

23 "0v i v /CH| 1 M KOH 2.00497 22.12 0.24(CH3) 0.92(2) <0.2

7 2.00495* 25.96

2.9 x 10"

1.9 X 108

2.3 X 108

a£H = 12.12

a Determined in irradiated aqueous solutions containing 1—5 X 10~4 M of the nitro compounds, 0.1 M 2-propanol, 2 mM 
phosphate buffer at pH 7 or KOH, and deoxygenated by bubbling with pure nitrogen. The hyperfine constants a are given 
in gauss and are accurate to ±0.03 G. The g factors were determined relative to the signal from the silica cell13 and are accur
ate to ±0.00005. Second-order corrections have been made. *ESR parameters from ref 10. cFrom ref 25. ¿ESR parameters 
from ref 13. eFrom ref 27. /The pattern of the smaller splittings could not be resolved sufficiently to allow analysis. ?ESR 
parameters from ref 10, assignments of the small splittings has been changed as discussed in text. * ESR parameters from ref 
26.

small splittings could not be resolved sufficiently to allow 
complete analysis. However, determination of the nitro 
group nitrogen hyperfine constant was always straightfor
ward because the three groups of lines were fully separated. 
The experimental results are summarized in Table I where 
the radicals are arranged in order of increasing a ôa-

Assignment of the ortho, meta, and para proton split
tings in the first half of Table I could be easily made fol
lowing previous assignments where > a„ > a .̂ This 
order, however, fails to describe the observed spectra when

an02 becomes large and a 41 small. It appears that an in
crease in Qk02, i e., shift of spin density from the ring 
toward the nitro group, results in a decrease in a„ and <Zp 
but has only a small effect on a” . At high a\j0, the para 
proton splitting becomes even smaller than that for the 
meta. The most conclusive evidence for this change in the 
relative magnitude of para vs. meta hyperfine constants is 
obtained from the results for 2-nitroresorcinol and 3- 
methyl-2-nitrophenol at high pH (21 and 23 in Table I and 
spectra in Figure 1 ). In the first case the splitting by the
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j*- -------  aN = 15.60 G

k- - —» a? * 3 41 G

M a |J « 0  39 G

a" =2184 G ---------------------------------------------1

Figure 1. ESR spectra of the 2-nitroresorcinol radical anion: upper 
spectrum at pH 7, lower spectrum in 4 M KOH solution. In both 
cases the irradiated solutions contained 1 mM 2 -nitroresorcinoi and 
0 .1  M 2 -propanol and were deoxygenated by bubbling with nitrogen. 
The arrows indicate the center of the spectra and the third group of 
lines is omitted. Note a”  vs. aJJ, in both cases.

single para proton is less than half that by the two equiva
lent meta protons. In the case of the 3-methyl-2-nitrophe- 
nol the splitting by t ie para proton was too small to be re
solved, i.e., <0.2 G, as compared with 0.92 G observed for 
two approximately equivalent meta protons. It should be 
noted that for these two compounds the spectra at 1 M 
KOH were somewhat.distorted, probably because of incom
plete dissociation of the OH group, but at 4 M KOH sym
metric spectra are again observed. This observation is in 
agreement with previous findings that the pKa for the radi
cal anion of o-nitrophenol is above 14.13

In the other radicals with ono2 larger than 20 G (2-nitro- 
mesitylene and 3-methyl-2-nitroanisole) the assignments 
are less certain and were made on the basis of best fit with 
the line in Figure 3 (see below). This approach causes us to 
change our previous assignment10 of the proton splittings 
in nitromesitylene radical anion.

The rate constants measured for the electron transfer 
from (CH3)2COH to the nitro compounds
(CH3)2COH + ArN02 -  (CH3)2CO + H+ + ArN02-  (1)

are also summarized in Table I. These rate constants were 
determined by pulse radiolysis of N20  saturated solutions 
under pseudo-first-order conditions ([ArN02] »
[(CH3)2COH]) at various concentrations of the nitro com
pound. From the linear plots of the observed rate constant 
vs. the concentration of the nitro compound, the second- 
order rate constants were calculated, as exemplified in Fig
ure 2.

Discussion
The results for the radical anions 1-12 in Table I exhibit 

the effect of electron-withdrawing and electron-donating 
substituents on a$o2.: As expected, substitution at the para 
position causes a greater change in <ino2 than substitution 
at the meta position. Along with the change in the nitrogen
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[ArNOj x I04M

Figure 2. Characteristic experimental resuits for the cistern ira ion of 
k-i for ArNC>2 =  2-nitroisophthalic acid. Insert shows the c-omputer- 
processed oscillogram for [ArN02] = 2.34 X 1CT4 M at A 3 ¡0 nm. 
AH solutions contain 0.1 M 2-propanol, 5 mM phosphate buffer (pH 
7), and were saturated with N20.

splitting small changes in the ring proton splittings are also 
observed. The present data are not sufficient to show the 
trend of such changes but previous work has shown that 
electron-withdrawing substituents cause decrease of both 
the nitrogen and the ring proton splittings (see, e.g., ref 6).

Methyl substitution at the ortho position has an effect 
much greater than that at the para position. This ortho ef
fect must result from sources other than mesomeric effects 
and is usually attributed to the twisting of the nitro group 
out of the plane of the ring.7’11 As a result of this twist, spin 
delocalization becomes less favorable and 0^02 increases 
while ring proton splittings decrease. This correlation is 
shown in Figure 3 where a”  (or 0.9 Op.CH3)15 for ortho sub
stituted nitrobenzene radical anions is found to decrease 
considerably with the increase in aNo2- The linear correla
tion of dp with <jno2 strongly suggests that the increase in 
ono2 is due to an increased spin localization on the nitro 
group at the expense of the spin density in the ring x sys
tem rather than spin redistribution among the components 
of the nitro group itself. This effect is far greater than the 
effect of electron donation by the substituent, the latter 
being represented by the small changes shown by radicals 
4-12 (Table I and Figure 3).

The decrease in aj1 upon increasing <zno2 appears to be 
similar in magnitude to that in a” . However, a j is affected 
to a much smaller extent as shown by the dashed line in 
Figure 3. Increasing Ono2 from 14 to 22 G causes only ~20% 
decrease in a”  while both aj1 and Op decrease by more than 
90%. The INDO calculations indeed predict that the effect 
of the change in twist angle of the nitro group on a“  should 
be smaller than that on aj* and dp. 11 Previous results for 
methyl-substituted nitroaromatics in acetonitrile showed 
similar trends7 but due to the solvent effect higher values 
of a£jo2 are obtained in the present study along with lower 
values of a”  and a? so that the latter actually drop to 
values lower than a„. Based on their INDO MO calcula
tions Gilbert and Trenwith11 predicted that a% should be
come higher than a”  and a” . However, no experimental 
data were available to verify this prediction.

The effect of the solvent on the hyperfine constants has 
been studied experimentally and theoretically.1216-21 As
suming the approach of Pannell19 the correlation between 
the nitro group nitrogen hyperfine constants in two sol
vents A and B (a? and ag, respectively) is given by
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Figure 3. Correlation of aH with a{Jo2: •  {solid line), a” ; A  (dashed 
line), a^- Numbers refer to the compounds in Table I.

o b  =  m a j 1 +  2 Q o n ( p o a “  m p o B )  +  Q c n ( p c a -  m p c B) (2 )

where m -  pna/pnb and Q and p have the usual meaning of 
the Karplus-Fraenkel relation22 with the A and B sub
scripts indicating the different solvents. According to eq 2, 
for a series of closely related radicals, a linear relation 
should exist between the hyperfine constants in the two 
solvents, provided that m is constant and that the Q coeffi
cients and the spin distribution among the nitrogen neigh
bors remains constant along the series in both solvents. 
This is shown to be the case for the unhindered radicals 
(Figure 4). However, with those radicals for which the nitro 
group is thought to be twisted, the effect of water solvation 
and hydrogen bonding is seen to be much higher. Obviously 
there seems to be some synergistic effect of the water on 
<2̂ 02 and once the nitro group is taken out of the ring plane 
its vulnerability to further solvation and/or hydrogen 
bonding increases. It is noted that from the solid line in 
Figure 4 one gets aN02(HSo) ~ <3n o 2(Ch 3c n ) at 25.5 G which 
coincides with the value for nitroalkanes. Indeed, no sol
vent effect was found for these compounds.12 The solid 
line, i.e., the correlation for the unhindered radicals, is the 
appropriate one to lead to this conclusion since no syner
gistic effect is expected for nitroalkanes. Similar synergistic 
effect is observed for most of the ortho disubstituted com
pounds studied. Once the first ortho substitution twists the 
nitro group out of plane, the second substitution, which by 
itself may have negligible effect, increases the extent of this 
twist. This is demonstrated by the cases of 2-nitrotoluene 
(15, Table I) compared to 2,6-dimethylnitrobenzene7 or
2,4,6-trimethylnitrobenzene (22, Table I). Similarly the ef
fect on Ono2 of an ortho methoxyl group in nitrobenzene is 
very small19 while that of a similar substitution in 2-nitro
toluene is very pronounced (compare 15 and 20, Table I). 
The effect of ortho carboxylate substitution23 and disub
stitution is even more striking. For 2-nitroisophthalate (3, 
Table I) (Zno2 is about 0.5 G smaller than that for nitroben
zene while for 3-methyl-2-nitrobenzoate (18) a > jo2 is 2.5 G 
higher than that for o-nitrotoluene. Obviously, in the case 
of the nitroisophthalate radical, the gain in resonance ener
gy obtained when the nitro anion group is locked in the 
ring plane is sufficient to overcome any energy gain from 
the orientation of the carboxylate groups in this plane. The 
van der Waals radii, however, demand that the carboxylate 
groups be twisted out of plane in order for the nitro group 
to remain in plane. For 3-methyl-2-nitrobenzoate such a 
situation is impossible and the carboxylate group causes

523

Figure 4. Correlation of afj02 in water with that in acetonitrile. Num
bers refer to compounds in Table I and added are: 25, o-nitroaceto- 
phenone; 26, p-nitroanisole; 27, m-nitrophenol; 28, p-nitrophenol. 
Sources for these compounds are in ref 24.

Figure 5. Correlation of the rate constant for reaction 1 with aU02. 
Numbers refer to compounds in Table I.

further twisting of the nitro group. The same situation oc
curs with 3-hydroxy-2-nitrobenzoate at high pH (19).

The effect of a hydroxyl group at the position ortho to 
the nitro group is surprising. As long as the hydroxyl group 
retains its proton the net effect of this group is rather small 
(7, 10, 14, Table I). Probably the small steric effect of the 
OH group is overcome by hydrogen bonds which hold the 
nitro group close to the plane (see structure 14 in Table I). 
When the proton is lost the gain in the resonance energy 
for 0 “  and possibly also the electrostatic repulsion are suf
ficient to decouple the nitro group from the plane of the ir 
system (19, 21, 23, Table I). This effect of the O-  group is 
comparable in magnitude to that of methyl.

The correlation between the rate of electron transfer 
from (CHa^COH radicals to the nitro compound (reaction
1) with the nitrogen hyperfine constant is shown in Figure
5. The rate constant drops with an increase in cino2, ¡-e., 
with the decrease in the spin density on the ring of the re
sultant radical anion. This effect is in line with our previ
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ous finding10 that the one electron reduction potential of 
nitro aromatic compounds is more negative when (i \o_, for 
its radical is higher. These findings indicate that the trans
fer of electron to the nitro compound occurs via the nitro 
group, but the efficiency of transfer as reflected by its rate 
constant and reduction potential is determined by its abili
ty to delocalize the additional electron over the rest of the 
molecule. The lower stability of the twisted radical is thus 
reflected in the higher activation energy for its formation. 
The relatively low value of k\ for 2-nitroisophthalate may 
be rationalized if it is assumed that the nitro group in the 
parent molecule is twisted out of the plane more than in 
the radical ion.

In conclusion, the present study clearly demonstrates 
that substitution ortho to the nitro group, even by relative
ly small groups such as 0 “  or carboxylate, may result in a 
strong decoupling of the nitro group from the ring tv system 
of the radical anion. The linear inverse correlation between 
the nitro group nitrogen hyperfine constant and that of the 
para hydrogen (or methyl) suggests that this decoupling re
sults in the localization of the spin density on the nitro 
group at the expense of the spin density on the ring. This 
localization, and decreased stability, is also manifest in the 
lower rite constants for electron transfer to the parent mol
ecule.

References and Notes

(1 ' Supported in part b» the U.S. Energy Research and Developement Ad
ministration.

(2) B. M. Wepster, in "Progress in Stereochemistry ', W. Klyne and P. B. Q. 
de la Mare, Ed., Academic Press, New York, N.Y., 1958, p 99. ,.

(3) E. G. Janzen, Acc. Chem. Res., 2, 279 (1969).
(4) K. W. Bowers in "Radical Ions” , E. T. Kaiser and|_. Kevan, Ed., Wiley,

New York, N.Y., 1968, p 211. f
(5) P. B. Asycough, F. P. Sargent, arid R. Wilson, J. Chem. Soc., 5418

(1963) .
(6 ) A. H. Maki and D. H. Geske, J. Am. Chem. Sod.. 83, 1852 (1961).
(7) D. H. Geske, J. L. Ragle, M. A. Bambenek, and A. L. Balch, J. Am.

Chem. Soc., 8 6 , 987 (1964). .
(8) M. Fields, C. Valler, and M. Kane, J. Am. Chem Soc., 71, 421 (1949).
(9) O. H. Wheeler, Can. J. Chem.,r41, 192 (1963).

(10) D. Meisel and P. Neta, J. Am Chem Soc., 97, 5198 (1975'
(11) B. C. Gilbert and M. Trenwith, J. Chem. Soc. Perkin Tmns. 2, 2010

(1973).
(12) L. H. Piette, P. Ludwig, and R. N. Adams, J. Ar . Chen c 84, 4212 

(1962).
(13) K. Eiben and R. W. Fessenden, J. Phys. Chem, 75, 11- : 571).
(14) L. K. Patterson and J. Lilie, Tnt. J. Radiai. Phys. C’ cm., 3 , -'9 (1974).
(15) The ratio between the a and 0 proton hyperfine constant; o ! .he isopro

pyl radical, R. W. Fessenden and R. H. Schuler J. C'-am. Fhys., 39, 
21471(1963).

(16) J. Gendell, J. H. Freed, and G. K. Fraenkel, J. Ci-m r h'S. 37, 2832
(1962). if

(17) P. H. Rieger and G. K. Fraenkel, J. Chem. Phys., 30. c:02 (i:)63).'
(18) P. Ludwig, T. Layloff, and R. N. Adams, J. Am. Chem .'■■■■:, 8 6 , 4568

(1964) .
(19) J. Pannell, Mol. Phys., 7, <317, 599 (1964).
(20) C. Corraja and G. Giacometti, J. Am. Chem. S oc (.*•■• .' TVb ; 1964).
(21) J. Q. Chambers and R. N. Adams, Mol. Phys , 9. 4  ‘ ( 9b.:).
(22) M. Karplus and G. K. Fraenkel, J. Chem. Phys., 35, ■ '2  i i961)l
(23) For o-nitrobenzoate a£02 =  13.85 G was determiner: in inis laboratory.
(24) aJJoj in acetonitrile were taken from: H. Fischer, in i  nndolt-Bornstein Nu

merical and Functional Relationships, Group il, Vol 1, K. H Hellwege 
and A. M. Helwete, Ed., 1965. aü02 in water for all com pounds are re
sults obtained in this laboratory using the same in situ radiolysls setup.

(25) G. E. Adams and R. L. Willson, J. Chem. Soc., Faraday Trans. 1, 69, 
719(1973).

(26) D. Behar and R. W. Fessenden, J. Phys. Chem., 7S. 1710 (1972).
(27) K.-D. Asmus, A. Wigger, and A. Henglein, Ber Bunsenges. Phys. 

Chem., 70,862(1966).

Mass Spectrométrie Observation of Large Sulfur Molécules from Condensed Sulfur

D. L. Cocke, G. Abend, and J. H. Block*

Fritz-Haber-Institut der Max-Planck-Gesellschaft, Berlin-Dahlem, Germany (Received August 8, 1975) 

Publication costs assisted by Fritz-Haber-Institut

Sulfur molecules Sx with from 2 to 22 sulfur atoms have been desorbed from a condensed sulfur layer on a 
tungsten field emitter of a field ionization time-of-flight mass spectrometer. The condensed sulfur layer 
has been found to be in a highly mobile liquidlike steady state. The observation of these large sulfur mole
cules is important to the current models of liquid sulfur.

Introduction

The molecular composition of pure liquid sulfur, being 
one of the most complex and difficult to study problems in 
sulfur chemistry, has prompted the recent call1 for more 
sophisticated physical and chemical investigations. In the 
present investigation, the field ionization time-of-flight 
mass spectrometric technique has yielded data which bear 
directly upon this problem.

Many models of the composition of liquid sulfur have 
been proposed, none of which agrees fully with experimen
tal results.2’3 These proposed models differ substantially in 
terms of the amounts and kinds of Sx species assumed to

be present, even though little if any experimental data 
exist as to the presence of the possible species. A recently 
proposed model by Harris3 gives more or less satisfactory 
agreement with existing experimental results. It involves 
the assumption that liquid sulfur is a complex mixture of 
ring species, a predominant amount of S8, and higher linear 
polymers. A large amount of the experimental data used to 
check these models comes from experiments involving 
quenched sulfur. These quenching techniques are severely 
hindered by the thermodynamic instability of the molecu
lar species Sx (linear or ring structures) with respect to Sg. 
Quenching a sulfur melt is not sufficiently fast to preserve 
the molecular composition. However, the separation of cy-
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clododecasulfur S12 from the sulfur melt4 supports the 
models involving large ring species (i.e., Sx; x > 8).

Davis et al.,5 using a field ionization quadrupole mass 
spectrometer, recently examined the field ionization and 
field desorption of sulfur from a tungsten field emitter. 
Under conditions of steady electric fields and continuous 
supply of S2 gas molecules, they observed the molecular 
ions S54", S6+, St+, and Ss+. Thé precursors of these ions 
were found to result from the reactions which are occurring 
in a weakly adsorbed layer (f?) on top of a tightly bound 
chemisorbed layer (a). The characteristics of these two ad
sorbed layers of sulfur on tungsten have been examined by 
field electron r croscopy (FEM). At room temperature, the 
a layer was shown to be immobile while the 3 layer exhib
ited a high degree of surface mobility.6

In the pres' Ut investigation, this weakly adsorbed 3 layer 
has been further examined with a high sensitivity mass 
spectrometer capable of single particle detection and found 
to be in a liquidlike steady state. The results from these ex
periments give e v in c e  for the presence of a large number 
of sulfur species hitherto not directly considered in the 
models of liquid sulfur.

Experimental Section
The field ionization time-of-flight mass spectrometer 

which was used in these experiments consisted of a Bendix
2-m flight tube and ion detector fitted with a custom-built 
field ionization source and accompanying electronics for 
producing high voltage pulses. In the pulsed field mode of 
operation, ions were desorbed from the surface of the field 
emitter by repeating high voltage pulses. The surface layer 
was analyzed during the time the pulse was on. At the high
est field pulses, the surface layer was completely removed 
while at the lowest field pulses, only a small portion was 
desorbed. During the time the pulse was off (adjustable as 
small as 10~5 s), chemical reactions which rebuild the sur
face structure could occur. The leading edge of the pulse 
defined the start time of the desorbed ions. The ion energy 
used was 8.6 keV with typical flight times of 20 fis and an 
uncertainty in the start times of about 500 ns. The resolu
tion, due to the width of the applied high voltage pulse, was 
as low as 5 M /M  ^  1/35 which would have been sufficient 
to distinguish between S40 and S41, had they been ob
served. A more detailed elaboration of the operation of the 
instrument has been reported previously.7

A rather blunt tungsten field emitter of several thousand 
angstroms radius was intentionally used to give an in
creased monitored area.

A molecular beam of S2 molecules produced from an 
electrochemical Knudsen cell5’8 was directed at the tung
sten tip of the field ion source. The electrochemical Knud
sen cell was operated at temperatures between 230 and 250 
°C, a cell current of 100 mA, and a cell potential of 165 mV. 
From published equilibrium data,8’9 the composition of the 
molecular beam should consist of more than 99% S2 mole
cules. The beam density was estimated to be 2 X 1015 S2 
cm-2 s-1, from the known amount of S atoms being electro- 
lytically produced in the Knudsen cell. This is in accor
dance with a calibration of the source with krypton, which 
showed that about 20 surface sites :n an area of the tip sur
face of about 30 À diameter were contributing to the ion 
current.

Most of the experiments were performed with the field 
emitter at room temperature. Temperature variation ex
periments were carried out by cooling the tip assembly via

copper wires attached to a cool finger or by heating the tip 
with a resistance loop.

For comparison, experiments were also performed with 
Knudsen cell conditions (T = 473 K, emf = 198 mV) such 
that the molecular beam consisted of equal amounts of S6 
and S2 along with 20% of a mixture of S5, S7, and S8 mole
cules.

In a typical experiment, the tungsten field emitter which 
had been initially cleaned at 2500 K was flashed to 2000 K 
in the S2 beam and the coverage of the cleaned tip with sul
fur was immediately monitored visually with a field emis
sion picture. When coverage was complete, the desorption 
pulses were applied and the mass spectra were recorded.

Alignment and focusing of the mass spectrometer for 
maximum ion counts were performed with a continuous 
high voltage field applied to the emitter. In this mode of 
operation, no mass resolution was possible, and only total 
ion counts could be taken. It was the results from this type 
of measurements which supplied the initiative for further 
investigation.

Results
The variation of the ion count with dc desorption field is 

shown in Figure 1 for the S, species and krypton. Krypton 
shows the expected dependence of ion intensity of a rare 
gas on field strength. That is, a rapid increase of ion cur
rent at the onset field where a strong increase of the ioniza
tion probability (P ) occurs and a decreased rise as P ap
proaches unity. The increase of the ion current with field 
strength at the higher fields is due to increased particle 
supply due to polarization effects.

The Sx + ion intensity shows a large maximum at the 
lower fields. This is a similar result as obtained by Davis et 
al.5 if their data are replotted in terms of total ion intensi
ty. The variation of the individual Sx ion intensities with 
10-kHz pulsed field strength is shown in Figure 2. In agree
ment with reported results,0 the Sv4 and S8+ ions with 
smaller intensities of Ss+ and S6+ ions are the species con
tributing most to the high maximum in the low-field range. 
These ions are formed from the corresponding Sx mole
cules which are the products of surface reactions.

The total ion count of the low-field maximum in Figure 2 
is directly proportional to the frequency of the field pulses. 
Figure 2b shows that the ionization probability (P) for all 
Sx species decreases below a desorption voltage of about 8 
kV. Because P is low below 8 kV, not all particles are de
sorbed with each pulse. The removal of particles by field 
desorption is no longer the determining factor in establish
ing the concentration of particles on the tip. The concen
tration is now maintained by supply and thermal desorp
tion. Under these conditions, the surface concentration of 
particles becomes independent of the pulse frequency. 
Now, each pulse has the same low probability of desorbing 
a particle. Consequently, the ion count is proportional to 
the pulse frequency (more precisely, duty cycle). The fact 
that the large low-field maximum occurs even at a much re
duced desorption voltage shows that the supply of particles 
must be strongly increased.

Experiments with the different molecular beam compo
sition (see Experimental Section) gave similar results as 
with the pure S2 beam. This indicates that the established 
steady state on the tip and the diffusion supply is not in
fluenced by composition changes of the impingeing beam.

Thorough mass spectrometric examination under the 
conditions giving the low-field onset of the maximum in
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Desorption Voltage (kV)
Figure 1. Dependence of ion current on dc desorption voltage, 
(a) Total Sx+ dc ion current taken at a tip temperature of 300 K. (b) 
Krypton ion current taken at a tip temperature of 250 K. The approx
imate desorption voltage corresponding to a field strength of 5 X 
107 V/cm at the apex of the tip is indicated by the arrow on (a).

Figure 2 yielded the mass spectrum shown in Figure 3. The 
spectrum was taken at the low-field onset of the maximum 
(6.5 kV) to ensure that the ionization probability was low 
and the surface concentration of particles was not affected 
by the pulses. Figure 3 shows that there is a rich supply of 
Sx species on the surface. All sulfur molecules from S2 to 
S22 are present in the spectrum. Such a large variety of Sx 
molecules (particularly the larger sulfur polymers) was only 
observed at low-field conditions corresponding to the large 
maxima in Figures 1 and 2.

The relative ion abundances under these conditions were 
found to be independent of the pulse rate. From this, one 
can conclude that the established steady state on the tip 
was not being disturbed by the high voltage pulses. The rel
ative ion abundances, however, cannot be taken as a quan
titative measure of the composition of this steady state, 
since different ionization probabilities must be taken into 
account.

At higher fields, species larger than S9 were not observed 
because the higher field strength removes the adsorbed 
surface structure with each pulse. Insufficient time is then 
available between two pulses to restore the surface struc
ture. Only those species are then observed which can be 

> formed within the time between the pulses where multi
layer formation is excluded.

Variation of the tip temperature yielded results which 
are in agreement with those of Davis et al.5 These results 
are explainable in terms of the combined effects of diffu
sion, thermal desorption, and surface reactions. Heating to 
400 K decreased the total ion count. The S2+ ion intensity 
was decreased by the largest amount (a factor of 10). This 
was followed by S4~ (a factor of 5). S6+, S7+, and S8+ were 
only slightly reduced in intensity. S3+, Ss+, and the higher 
polymeric ions were decreased by factors of from 2 to 3. 
Cooling the tip also generally decreased the ion intensities. 
Reducing the temperature slightly resulted in increased in
tensities for S2+, S3+, and S4+ and reduced intensities for 
S6+ and S8+, but caused little change in the other Sx 
species. Further cooling of the tip to about 250 K resulted 
in all ion intensities decreasing with S2+, S3+, and S4+ 
being the least affected. The temperature dependence of 
the small species S2, S3, and S4 relative to S6, S7, and S8 
seems indicative of overriding reaction kinetic influences.

6 0  7 0  SO 9 0  10-0 110 120 130 U 0  15.0

Figure 2. Dependence of ion current on pulsed desorption voltage. 
Tip temperature is 300 K. (a) Field dependence of the sum of S 
atoms contained in all Sx+ ions, (b) Field dependence of the individ
ual Sx+ ions. The approximate desorption voltage corresponding to 
a field strength of 5 X 107 V/cm at the apex of the tip is indicated 
by the arrow on (a).

It was noted that changing the temperature made irrevers
ible changes in the spectra, but the trends given above were 
obvious.

The species observed in Figure 3 were reaching the moni
tored area by diffusion in the 3 layer. The sequence of the 
different ions being counted was observed to be completely 
statistical. This observation is only possible with the time- 
of-flight mass spectrometer which allows the registration of 
all masses simultaneously. The diffusing Sx species were 
arriving in the monitored area in a random fashion. This 
indicated that no long-range order existed in the structure 
of the highly mobile physically adsorbed layer.

The existence of a liquidlike structure is further support-
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Figure 3. Mass spectrum of the field desorbed species from the II- 
quidlike 0 layer of a sulfur covered tungsten tip. This Is a mean 
value taken over 10 single spectra and represents a total analysis 
time of 9 h. The tip temperature is 300 K. Pulse repetition rate is 10 
kHz. Due to the large pulse width (500 ns), the signals are broad
ened toward longer flight times, i.e., higher masses.

ed by the fact that the physically adsorbed layer is a 
strongly reacting system where the continuous impact of a 
relatively Jarge number of highly reactive S2 molecules con
tinually hinders the formation of an ordered structure. 
Long-range order appears unlikely in a reacting, diffusing 
mixture, especially with such a large variety of S* species 
present.

Discussion
Recent experimental work5’6 along with the present re

sults and established principles of field ionization mass 
spectrometry10’11 and physical adsorption12 allow the re
sults to be discussed in terms of a liquidlike sulfur struc
ture on the field emitter at low desorption fields. It has 
been shown6 that S2 molecules striking a cleaned tungsten

surface are chemisorbed in a tightly bound a state. Contin
ued impact of S2 molecules after the a layer is complete re
sults in a physically adsorbed /3 layer being formed, which 
is quite mobile.

It has been a long established fact that physically ad
sorbed layers usually behave like two-dimensional liquids12 
and contemporary theories treat them as such.13 Addition
ally, these layers exhibit melting points which are well 
below the normal melting temperatures of the bulk materi
als.12’14 By FEM, Gomer15’16 has visually observed multi
layer adsorption of various gases on a tungsten field emit
ter. He has noted that these layers are liquids, for all prac
tical purposes, far below their bulk melting points. In these 
cases, the substrate lattice structure introduces distur
bances into the adsorbate layers and prevents the bulk 
structure of the adsorbate from forming over large dis
tances, thereby preventing long-range order (ref 1 1 , p 133). 
The FEM work6 concerning sulfur on tungsten found no 
evidence of order in the /3 layer. It was not unexpected that 
at room temperature the physically adsorbed layers of sul
fur had high mobility and a liquidlike structure far below 
the bulk melting point of sulfur [mp (Ss) = 119 °C].

It is well known10 that particle supply to the field emit
ter tip can come from the gas phase as well as from the 
electrostatically enhanced surface diffusion from the large 
reservoir of adsorbed particles on the shank. Because of the 
tip shape, the field strength and, consequently, the ioniza
tion probability increases from the shank toward the apex. 
The concentration of adsorbed particles therefore de
creases due to desorption at a certain distance from the 
apex which depends on the applied voltage. This desorp
tion boundary has been observed mass spectrometically by 
angular distribution studies and gives a pronounced maxi
mum in ion currents due to diffusion supply from the 
shank, particularly for large and polar molecules.17

The general form of the dependence of total Sx ion in
tensity on desorption field strength (Figure 1) is under
standable in terms of an extension of this simple model. At 
high dc fields, the ionization probability is unity and no S2 
is reaching the part of the surface (about 30 A diameter) of 
the tip being monitored by the mass spectrometer because 
it is being ionized immediately. In addition, at the higher 
fields, the distance of the desorption boundary from the 
monitored area on the apex is larger and no S* species from 
the shank are able to diffuse into the monitored area. As 
the field is decreased, the ionization probability of S2 is de
creased, and more and more S2 is allowed to reach the tip 
to participate in surface reactions. As the field strength is 
decreased further, all ionization probabilities become 
lower. Consequently, the desorption boundary moves closer 
to the monitored area and the diffusion of the reaction 
products begins to also add to the S* species being moni
tored. This, being coupled with the increased S2 reaching 
the surface, causes the maxima in Figures 1 and 2.

Additional information is given by Figure 2 where 10- 
kHz pulses are used and S2 is reaching the tip between the 
pulses even in the high-field region. Here, apparently S2 is 
being desorbed from the surface before it can participate in 
the surface reactions because the desorption probability is 
unity while the pulse is on. However, at lower pulsed field 
strengths, a similar situation occurs as with the dc condi
tions in that the desorption probability of S2 is decreased, 
allowing more S2 to participate in the Sx reactions as well 
as allowing increased diffusion contributions as the angle of 
desorption decreases. In Figure 2, one can note two maxima
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at lower fields. The smaller of the two on the high-field side 
is the result of surface reactions from the S2 molecules 
reaching the surface and of localized diffusion. The ion in
tensities decrease toward lower fields because of the re
duced field desorption probability. The rapid increase to 
the maximum at still lower fields is due to the diffusing Sx 
molecules from the shank of the emitter actually encroach
ing into the moh'itored area giving a large supply of mole
cules to a few surface sites, i.e., some sites with the highest 
ionization probabilities. The fact that diffusion is occurring 
is evident from the plot of total S atoms in Figure 2a. Such 
a large supply of sulfur at lower fields can only come from 
surface diffusion.

The situation on the tip under field conditions near the 
low field onset is one in which a few surface sites are pro
ducing ions from a large, very mobile Sx supply, possibly a 
multilayer and a steady-state situation exists where the 
sampling is being taken of a liquidlike surface structure. 
The steady state is being maintained by diffusion, sulfur 
radical reactions, a continuous supply of highly reactive S2 
species, and thermal desorption. Thermal desorption plays 
a significant role in maintaining this steady state in accor
dance with the following. The vapor pressures of the differ
ent Sx species at room temperature most likely range from 
10-3 to 10-6 Torr with S6 being more volatile than Sg and 
with S4 possibly being more volatile than Sg.18 Allowing for 
field compression and a higher heat of physical adsorption 
than heat of liquefaction (at least in the first physically ad
sorbed monolayer) the rate of thermal desorption is near in 
value to the rate of Sx supply from impingeing S2. There
fore, multilayer formation is also likely.

That only a few surface sites are contributing to the ion 
current is indicated by the large intensity fluctuations ob
served. This can be explained by variations in the number 
and quality of contributing surface sites, and the corre
sponding large effects on the ionization probability. Tem
perature variation experiments seem to verify this model 
by making irreversible changes in the steady-state micro- 
structure of the a layer. Bechtold et al.6 observed diffusion 
within the a layer at about 400 K. The surface microstruc
ture is thought to be more on the order of a surface rough
ness of the a layer than actual whisker formation as was 
observed for selenium.19

Two occurrences which possibly could influence the 
qualitative interpretation of the spectrum in Figure 3 are 
field induced fragmentation and ion cluster formation. 
However, both are unlikely to occur. Fragmentation is not 
likely since the field desorption process gives little surplus 
energy to the ions. Ion formation is merely a tunneling pro
cess in which case an electron goes from the molecule 
through the potential barrier into the metal. Additionally, 
field fragmentation of Sex molecules was not observed20 
under similar experimental conditions. Since Se-Se bonds 
are weaker than S-S bonds,21 field fragmentation of the Sx 
molecules can be ruled out. Ion cluster formation has been 
found to occur only for polar molecules.10 It can, in the 
present case, be disregarded on experimental grounds. 
Cluster formation should be evidenced in Figure 3 by a pe
riodicity of ion intensities or a maximum of intensities 
around S15 [x times the most abundant monomer, S7]. This 
is seen not to be the case.

Since the Tobolsky and Eisenberg model22 of the cy- 
clooctasulfur and poly-Ss-chain equilibrium was proposed, 
it has been much used to describe the properties of liquid 
sulfur. The case against this oversimplified model has re
cently been thoroughly discussed by Schmidt and Siebert.1 
However, this equilibrium polymerization model is still 
being used to delineate the properties of liquid sulfur.23 In 
light of this model, it can be seen in Figure 3 that S16 is rel
atively more abundant than the other high molecular 
weight Sx polymers. It should be mentioned, however, that 
S24 was never observed to be above the background level.

The fact that small reactive sulfur species such as S3 and 
S4 are present in liquid sulfur as well as the implied pres
ence of S5, Sg, and S7 means that these species are the par
ticipants of reactions occurring in the liquid.24 The same or 
similar reactions undoubtedly must be occurring in the li
quidlike sulfur multilayer examined in these experiments. 
Thus, the Sx (x = 2 to 22) species observed in the spectrum 
given in Figure 3 are most likely present in liquid sulfur 
and should be considered in the models of liquid sulfur.

These observations therefore support a model of liquid 
sulfur with complex molecular composition similar to that 
as proposed by Harris.3
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The emission Mossbauer spectra of [57Co(III)(phen)3](C104)3-2H20  and [57Co(III)(bpy)3](C104)3-3H20  dis
persed in matrices of sucrose, polyethylene oxide), and the corresponding Fe(II) chelates were studied. 
The ratio of the Fe(JI)/Fe(III) species stabilized varies from matrix to matrix. These observations have 
been interpreted on the basis of electron acceptor and donor centers.

7 r

Introduction

The electron-capture decay of a cobalt-57 atom triggers 
an Auger event resulting in the loss of several electrons. In 
solids, the electronic relaxation is rapid and the 14.4-keV 
Mossbauer emission conveys information regarding the 
chemical forms in which the daughter iron-57 is stabilized 
within 10-7 s following the electron capture. A considerable 
effort has gone into the study pf the chemical state of iron 
produced by the decay of divalent cobalt in various ionic 
compounds.1-3 Friedt and Adloff4 examined the role of the 
water of hydration and found that the ratio of Fe3+/Fe2+ 
increases with increasing degree of hydration in CoCl2- 
nH20, CoS04-nH20 , and CoF2-nH20. They suggested that 
the stabilization of the higher charge state, Fe3+ in hydrat
ed compounds, is due to the formation of OH- radicals by 
radiolysis of water molecules caused by low energy Auger 
electrons. The OH- radicals oxidize the Fe2+ ions formed 
after the electronic relaxation following the Auger event to 
Fe3+. Gutlich et al.5 and Wertheim and Buchanan6 showed 
that the 60Co 7 -irradiation or high-energy electron bom
bardment of ferrous ammonium sulfate hexahydrate pro
duces a species whose Mossbauer absorption spectrum is 
similar to the emission spectrum of the 57Co-doped com
pound. It was also shown that the Auger electron ionization 
in the molecule incorporating the 57Co atom was sufficient 
to radiolyze a water molecule in about one-third of the 
decay events, a result in good agreement with the experi
mental yield of Fe3+. The role of water in stabilizing alio- 
valent charge states continues to receive attention from 
several workers.7-9 On the basis of these observations, the 
following mechanism was proposed. The low-energy Auger 
electrons cause local radiolysis of the lattice surrounding 
the affected atom forming a nest of radicals.10 The radicals 
produced in the lattice may act as electron acceptors (e.g., 
OH-) or donors (e.g., NH2-) and may decide the final stabi
lization forms of the iron species.

There has been a great deal of interest in the stabiliza
tion of 57Co2+ in several oxides with sodium chloride type 
of structure.1-3 The ratio of Fe3+/Fe2+ observed in 57Co- 
doped cobaltous and nickelous oxides seems to depend on 
the nature of the semiconductivity. It varies as a function 
of the p-type dopant lithium and the n-type dopants chro
mium and gallium. When the Li doping is raised sufficient
ly, it is possible to completely suppress the Fe2+ species at 
room temperature. Investigations of a somewhat similar

nature have also been reported on 57Co-doped AmBv semi
conductors.11'12

In view of the very interesting observations made on 
ionic systems, we decided to look into the stabilization 
forms of low spin-labeled cobalt chelates with strong field 
ligands, namely tris(phenanthroline)cobalt(III) perchlo
rate, and tris(bipyridyl)cobalt(III) perchlorate. These che
lates are highly conjugated and escape fragmentation in 
most of the Auger events13’14 and their spectra are easier to 
computer analyze and interpret unambiguously with the 
near absence of the fragmented species, viz., ionic Fe2+ 
and/or Fe3+. In chelates with strong ligand fields, the low- 
spin Fe(II) formed has a spectrum distinctly different from 
the ionic Fe2+ species resulting from fragmentation. On the 
other hand, the spectrum for coordinated high-spin Fe(II) 
chelate may not be very different from that for Fe2+.

Mossbauer spectra of the following solid dispersions 
were studied: [57Co(III)(phen)3](C104)3 and [57Co(III)- 
(bpy)3](C104)3 dispersed in sucrose, polyethylene oxide), 
and in the corresponding Fe(II) chelates, viz., [Fe(II)- 
(phen)3](C104)2 and [Fe(II)(bpy)3](C104)2, respectively.

Experimental Section
A few milligrams of [Co(III)(phen)3](C104)3-2H20 and 

[Co(III)(bpy)3](C104)3-3H20  which were synthesized by 
conventional methods16’16 were doped with a couple of mil- 
licuries of carrier-free 57CoCl2 and allowed to undergo solid 
state isotopic exchange in a humid chamber (~95% relative 
humidity) at 35 °C for several days. The free 57Co2+ if any, 
was extracted from aqueous solutions of the labeled che
lates by 0.1% 8-hydroxyquinoline in chloroform. This pro
cedure for labeling cobalt chelates through solid state ex
change13 is quite convenient especially when a small quan
tity of a chelate with relatively high specific activity is de
sired. The yields in conventional synthetic procedures for 
milligram quantities tend to be rather low.

Solid dispersions were formed by dissolving about 1 mg 
of the labeled chelate in a viscous solution containing ap
proximately 100 mg of poly(ethylene oxide) or sucrose. The 
viscous solutions were chilled in liquid nitrogen with con
stant swirling and freeze-dried on a vacuum line. The clus
tering of the chelate molecules during freezing is presum
ably eliminated or considerably diminished by the relative
ly high viscosity of the solution. The dispersions in the cor
responding Fe(II) chelates were prepared in a similar fash
ion.
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Figure 1. Emission Mossbauer spectra of [57Co(IIIXphen)3](CI04)3 
dispersed in sucrose at 80 K.

Figure 2. Emission Mossbauer spectra of [57Co(IIIXphen)3] (0 0 4 )3  
dispersed in poly(ethylene oxide) at 80 K.

The phenanthroline and bipyridyl chelates of iron(II) 
and iron(III) were synthesized by the methods reported in 
the literature.10-16

The Mossbauer spectra were obtained in Elscint’s AME-

Figure 4. Emission Mossbauer spectra of [67Co(IIIXbpy)3] (0 0 4 )3  dis
persed in sucrose at 80 K.

-i.oo  -l.uu u.uu i.ouVELOCITY IN MM/SEC RELATIVE TO IRON
Figure 5. Emission Mossbauer spectra of [57Co(IIIXbpy)3] (0 0 4 )3  dis
persed in polyethylene oxide) at 80 K.

30 spectrometer. In emission runs, potassium ferrocyanide 
(0.25 mg 57Fe per cm2) was used as a standard absorber. 
The standard absorber was maintained at room tempera
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TABLE I : Mossbauer Parameters Observed in Emission Experiments at 80 K

Chelate
Dispersion in sucrose

Dispersion in 
poly(ethylene oxide)

Dispersion in the 
corresponding Fe(II) 

chelate
Fe(III) Fe(II) Fe(III) Fe(II) Fe(IIi;1 Fe(II)

rC o(m )(p h en )3MC104)3 Ô 0.14 0.36 0.22 0.40 0.15 0.40
A 1.74 0.29 1.72 0.25 1.76 0.30

rC o(III)(bpy)3](C104)3 5 0.12 0.34 0.16 0.35 0.11 0.34
A 1.86 0.35 1.78 0.33 1.84 0.35

... ..
TABLE II: Mossbauer Parameters Observed in Absorber Experiments at 80 K

[Fe(III)(phen)3](C104)3 [Fe(II)(phen)3](C104)2 [Fe(III)(bpy )3 ] (C104)3 [Fe(II)(bpy )3] (C104)3
Present work Ref 17 Present work Ref 18 Present work Ref 17 Present work Ref 18

5 0.15 0.10 0.40 0.34 0.10 0.06 0.39 0.33
A 1.82 1.71 0.31 0.23 1.81 1.80 0.44 0.39

TABLE III: Ratio o f Fe(II)/Fe(III) Stabilized in Different Matrices at 80 K
v .̂ -V .. )V; ' * • \ Dispersion in the

Dispersion Dispersion in corresponding
Chelate Neat in sucrose poly(ethylene oxide) Fe(II) chelate

[” Co(III)(phen)3](C104>3 0.2a 0.3 2.5 3.3
[57Co(III)(bpy)3](C104)ÿ ~ Q b 0.4 1.4 2.4

a Reference 14. b Reference 13.

ture while the chelate sample was cooled by liquid nitrogen 
in a cryotip. In the absorption experiments, the absorber 
was in the cryotip and the standard 57Co(Cu) source was 
maintained at room temperature. A NBS standard iron foil 
was used to calibrate the velocity scale. The sign of the ve
locities in the computer plots of the emission runs have 
been inverted to correspond with that of the absorption ex
periments. The centroids of the emission spectra and the 
absorption spectra have been shifted by 0.04 and 0.226 
mm/s, respectively, to give the isomer shifts relative to the 
cèntroid of metallic iron.

The widths for the two quadrupole split lines of any 
species were constrained to be equal during the computer 
analysis of the Mossbauer spectra.

The total counts collected in the emission spectra ranged 
from 40 000 to 80 000.

Data and Discussion
Figures 1-6  depict the emission spectra of the labeled co

balt chelates dispersed in sucrose, poly (ethylene oxide), 
and in the iron(II) chelate matrices. The computer ana
lyzed Mossbauer parameters of the Fe(III) and Fe(II) che
lates stabilized after the Auger event are summarized in 
Table I. The parameters are in fair agreement with that ob
tained from absorption experiments (cf. Tables I and II). It 
may be mentioned that one would expect the Mossbauer 
parameters for any particular compound to show slight 
variations from one matrix to another and especially from 
the neat chelate, where the crystal structure could con
strain the ligands in a particular configuration.13

Now, let us consider the stabilization of the species fol
lowing the Auger event. The Auger event triggers the loss 
of several electrons from the molecule incorporating the co
balt-57 nucleus undergoing radioactive decay. In a solid, 
one would expect fairly rapid neutralization of the charges 
by transfer of electrons from the neighboring molecules 
and also by back diffusion of a fraction of the low-energy 
Auger electrons or diffusion to the site of some of the sec

ondaries produced by the energetic primaries in the imme
diate environment. In general, one would expect that 
Fe(III) be stabilized in a neat Co(III) chelate because 
Fe(IV) and Fe(II) chelate molecules (if they exist) would 
constitute shallow acceptors and donors, respectively, in 
the matrix. Fe(II) is stabilized in fair proportion in the 
[Co(III)(phen)3](C104)3-2H20  lattice while practically none 
of Fe(II) is stabilized in the [Co(III)(bpy)3](C104)3-3H20  
lattice (Table III). It may be mentioned that the ratio of 
Fe(II)/Fe(III) did not show any significant change for the 
anhydrate phenanthroline chelate as compared to the hy
drate. This is in contrast with the observations made on 
ionic compounds4 where the water of hydration tends to 
stabilize Fe3+. The ability of Fe(II) to stabilize in the phen
anthroline chelate in contrast to the bipyridyl complex may 
perhaps be understood in terms of the larger depth of the 
Fe(II) donor center in the latter. However, this aliovalent 
species, viz. Fe(II), can be further stabilized by defects, 
which may convert them into deeper centers. Phenanthro
line ligand being bulkier than bipyridyl, may lead to a larg
er concentration of anionic vacancies in the [Co-
(III)(phen)3](C104)3 lattice,19 which may tend to stabilize 
the Fe(II) chelate molecule.

When the labeled cobalt(III) chelates of phenanthroline 
and bipyridine are dispersed in the corresponding Fe(II) 
chelates, the situation is reversed as expected. Fe(II) is the 
predominantly stabilized species (Figures 3 and 6 and 
Table III) while there is only a smaller fraction of Fe(III). 
The Fe(III) chelate molecules constitute shallow acceptors 
in the Fe(II) matrix. The possibility of some degree of co
alescence of the 57Co(III) chelate molecules during freezing 
cannot be ruled out. The coalescence if any will reduce the 
observed ratio of Fe(II)/Fe(III).

It may be mentioned that one can discern a very small 
peak at about 2.5 mm/s in all the spectra (Figures 1-6), 
which belongs to the ionic species, Fe2+, the other peak be
longing to the quadrupole split pair is expected to be near 0 
mm/s. The ionic Fe2+ is formed as a consequence of frag
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mentation of the chelate molecule in a small fraction of the 
Auger events. For the sake of convenience, this pair of lines 
has been disregarded during the computer analyses of the 
spectra. This is.pot likely to affect the results of the com
puter analyses significantly.20

The 57Co(III) chelate dispersals in the matrices of su
crose and poly(ethylene oxide) exhibit very interesting be
havior. The polyethylene oxide) matrix has a very strong 
tendency to stabilize the Fe(II) species, while the sucrose, 
matrix also tends to stabilize Fe(II) but to a much lesser 
extent. One may interpret these observations by assuming 
that Fe(III) chelate molecules (formed as a result of elec
tronic relaxation following the Auger event) form shallow 
acceptors in these matrices, especially in polyethylene 
oxide); however, this assumption is not plausible. Alterna
tively, it seems that the Auger electrons either populate 
preexisting defects in the immediate neighborhood of the 
affected molecule (i.e., the molecule incorporating the co
balt-57 undergoing radioactive decay) or the Auger elec
trons create defects, presumably a radiolytic product. The 
populated preexisting defects or the ones created by the 
Auger event may form very shallow donors in the immedi
ate vicinity of the affected molecule. A donor can transfer 
its electron to the Fe(III) chelate molecule forming Fe(II).
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The spectral properties of the three monocarboxyl substituted anthracenes have been investigated. Methyl 
9-anthroate (9-COOMe), methyl 1-anthroate (1-COOMe), and methyl 2-anthroate (2-COOMe) are the spe
cific compounds used in this study. Their fluorescent lifetimes (rf), quantum yields ($f), and spectra are 
shown to be quite dependent on solvent and the position of substitution. The electronic transition respon
sible for the long wavelength absorption and the fluorescence spectrum of all three esters is primarily the
1 Ai —► 'La anthracene transition. No evidence is found for enhancement of the long axis polarized 'At —*■ 
'Lb transition or for a solvent induced inversion of the 'L a and 'L b states when the carboxyl group is in the
2 position. HMO calculations, molecular models, and electronic spectra suggest that a substantial change 
in the equilibrium molecular geometry occurs on excitation to the first excited singlet state (Si) for 9- 
COOMe. By contrast, for 1 and 2 substitution the equilibrium geometry does not change much on excita
tion. However, a restriction in the number of conformers which can exist about the minimum energy con
formation is observed in Si relative to the ground state. The variation in fa for 1 - and 2-COOMe from non
polar solvents through solvents of moderate hydrogen bonding properties is consistent with the existence 
of a thermally assisted intersystem crossing (ISC) pathway to a triplet level near Si. This triplet level is 
thought to be the second anthracene triplet rather than an n,ir* triplet as previously implicated in the ISC 
process for carbonyl-substituted anthracenes. In strong hydrogen bonding solvents a solvent induced inter
nal conversion pathway replaces ISC as the major nonradiative pathway.

Introduction
Anthracene has three positions for monosubstitution and 

the ability of a substituent to electronically interact with 
the anthracene ring is quite dependent on the position of 
substitution. In the 9 or meso position, a substituent en
counters the most electron-rich position of the ring and it 
also lies along the polarization axis of the lowest energy an
thracene transition ('A i —► 'L a). However, complete copla
narity between a substituent at the 9 position and the ring 
is often prevented by steric hindrance with the peri hydro
gens at the 1 and 8 positions. For substitution in the 2 posi
tion, which is the least electron-rich position, the substitu
ent axis is more closely aligned with the polarization direc
tion of the second anthracene transition ('Ai —* 'Lb). Steric 
hindrance to coplanarity from ring hydrogens appears to be 
insignificant for 2 substitution. The electron density at the 
1 position is intermediate between the other two positions. 
A substituent in the 1 position lies more nearly along the 
axis of the 'Ai —*■ 'L a transition and encounters considera
bly less steric hindrance from ring hydrogens than in the 9 
position but more than in the 2 position. It is not surprising 
then that the spectral properties of monosubstituted an
thracenes are dependent on the position of substitution.

When the substituent is a carboxyl group, the resulting 
anthracene derivatives have some unusual excited state be
havior. The carboxyl group, by its electron-withdrawing 
nature, is classified as a fluorescence inhibiting group and 
benzoic acid is indeed nonfluorescent.2 Other similar sub
stituents (nitro, carbonyl) produce virtually nonfluorescent 
anthracene derivatives3’4 but the anthroic acids and their 
esters are quite fluorescent in some solvents. The fa values 
for all three of the methylanthroates are quite solvent de
pendent and the nature of this solvent dependency is very 
much a function of the position of substitution. The lowest 
excited singlet energies of all three esters are also solvent

dependent showing increasing red shifts as solvent polarity 
increases. In addition, a comparison of the absorption and 
fluorescence spectra of methyl 9-anthroate (9-COOMe) re
veals a substantial difference in the equilibrium geometry 
of the ground (So) and lowest excited singlet state (Si).5-7 
For methyl 1-anthroate (1-COOMe), the spectra are consis
tent with a smaller difference in the equilibrium geometries 
of the two states while for methyl 2-anthroate (2-COOMe) 
the equilibrium geometry of both S0 and Si appears to be 
quite similar.

We have previously discussed the spectral properties of 
9-substituted esters in some detail.5-7 In this work, we have 
extended our investigation to the 1 - and 2-methyl esters in 
order to explain the solvent and substituent position de
pendence observed for the fluorescence behavior of mono
carboxyl-substituted anthracenes. A correction is also 
made in the previous assignment of the emitting state of
2-anthroic acid in polar solvents which we now believe is in 
error.8

Experimental Section
The ethanol used in the spectral measurements was ob

tained from U.S. Industrial Chemicals. All other spectral 
solvents were Matheson Coleman and Bell Spectroquality 
solvents.

Methyl 9-anthroate was prepared from 9-anthroic acid 
(Aldrich Chemical Co.) and diazomethane.9 Methyl 2-an
throate was made by a free acid esterification of 2-anthroic 
acid (K & K Labs) with methanol with subsequent recrys
tallization from glacial acetic acid.10 Methyl 1-anthroate 
was synthesized in a three step procedure beginning with 
benzanthrone (Aldrich Chemical Co.). To remove impuri
ties, the benzanthrone was extracted with acetone in a 
Soxhlet extractor. After removal of the acetone, the ben
zanthrone was allowed to react to form anthraquinone-1 -
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carboxylic acid.10 This acid was then reduced to 1-anthroic 
acid and then esterified with methanol using the free acid 
procedure of Coulson.10 Purification of the final ester prod
uct was performed by dissolving the ester in hot glacial ace
tic acid and inducing crystallization by the addition of hot 
water. All melting points agreed with literature values.

Absorption measurements were made on either a Cary 
Model 14 spectrophotometer or a Beckman D.U. spectro
photometer.

Fluorescence emission spectra were recorded on a Per- 
kin-Elmer MPF-2A spectrofluorometer using excitation 
and emission band passes of 7 and 3 nm, respectively. The 
spectra were corrected for the response function of the in
strument as described earlier.58 The response function was 
obtained by comparison of the fluorescence spectra of 
methyl 9-anthroate in several solvents taken on our instru
ment with those on an identical instrument having a cor
rected spectral attachment. The band passes above were 
identical with those used on the latter instrument. Fluores
cence excitation spectra at 77 K were obtained using the 
phosphorescence attachment of the MPF-2A with the 
chopper removed.

Fluorescence quantum yield (fa) determinations were 
obtained using the following equation where r and u stand 
for reference and unknown, respectively:

, _  , nu2 Ar Fu Ir Du
0U <Pt o a r T nnr A u Fr 7u Dr

A is the absorbance at the exciting wavelength (<0.03, 
1-cm cells, bandpass <3 nm), F is the area under the cor
rected emission spectrum (by cut and weigh), n is the sol
vent refractive index, I is the relative source intensity at 
the exciting wavelength (Aex) determined by the rhodamine 
B quantum counter method of Chen,11 fa is the reference 
quantum yield (0.18 for methyl 9-anthroate in ethanol de
termined vs. an anthracene in ethanol standard having <f>f = 
0.28),7 and D is the deoxygenation factor. D is used to cor
rect for the quenching of fluorescence by dissolved oxygen. 
To determine D for a given sample in a given solvent, the 
solution is first deoxygenated by at least three freeze- 
pump-thaw cycles (pressure < 10-4 Torr). The cell contain
ing the solution is removed from the vacuum line and the 
fluorescence spectrum is recorded. Then the cell is opened 
to the atmosphere and reequilibrated with air. A second 
fluorescence spectrum is run and the intensity ratio of the 
first to the second spectrum is equal to D. The measure
ment is repeated at least twice and agreement was usually 
<2%. The maximum deviation between measurements was 
5% even when data were obtained using different samples 
on different days. Once the D values are known, all fa data 
can be taken in aerated solution. The D values for each of 
the esters in the different solvents are given in Table I 
along with the AeX’s used in the <j>f determinations.

To determine the fa of 2-anthroic acid (2-COOH) in ace
tonitrile it was necessary to add a trace of H+ to suppress 
ionization of 2-COOH at the low concentrations used (10—6 
M). Addition of 5 fil of a 10-2 M solution of HC1 in acetoni
trile to 5 ml of 2-COOH in acetonitrile was found to be suf
ficient. This gave an H+ concentration of ~5 X 10-5 M.

Our previously reported fluorescence lifetime (rf) mea
surements for methyl 9-anthroate were made in the labora
tory of Dr. Renata Cathou at Tufts University using an 
Ortec single photon counting system.5® The rf data re
ported herein for the 1 - and 2-methyl esters were taken by 
Dr. Fred Lytle of Purdue University using a modified TRW

TABLE I: D Values and Excitation Wavelengths (Xex) Used 
for fa Determinations

9-COOMe - 1-COOMe 2-COOMe

Solvent
■̂ex5
nm D

êx>
nm D

êx5
nm D

Hexane 355 1.70
Cyclohexane 362 1.31 365 1.08 355 1.41
Benzene 362 1.29 359 1.52
Dioxane 363 1.20 358 1.20
Acetonitrile 362 1.26 370 1.67 355 2.02
Ethanol 362 1.13 362 1.54 356 1.71
Methanol 362 1 356 1.95
60% Dioxane—

40% water 362 1
Trifluoroethanol 362 1 355 1.70

instrument.55 All samples were dilute (A < 0.03, 1-cm cells) 
and deoxygenated by the freeze-pump-thaw method. The 
rf of methyl 9-anthroate in cyclohexane was also deter
mined on this latter instrument.

The bimolecular rate constant for the quenching of 2- 
COOMe fluorescence by ethyl iodide (Aldrich Chemical 
Co.) in several solvents was determined from the Stern- 
Volmer equation

F°
J ~ 1 = K SV[Q] Ksv = Tfkq

F° and F are the fluorescence intensities of an aerated 2- 
COOMe solution in the absence and presence of quencher, 
respectively, [Q] is the quencher concentration, and Ksv is 
the slope of a plot of (F°/F -  1) vs. [Q], Ksv is equal to the 
product of the fluorescence lifetime in aerated solution (rf') 
and the bimolecular quenching constant (feq). The fluores
cence lifetime of 2-COOMe in deoxygenated solution (rf) 
was directly measured in three solvents of widely varying 
polarity (Table II). From this data, it was clear that the fol
lowing relation holds for two different solvents:

(fa)l/(fa)2 = (rf)i/(rf)2

By measuring the fa in a given solvent, one could use this 
relation along with the measured Tf and fa in ethanol to cal
culate rf in the solvent of interest, rf’s were then divided by 
the solvent deoxygenation factors (D) to obtain r / ’s. Once 
r /  is known for a given solvent, kq for that solvent can be 
determined from Ksv. Dilute concentrations (A < 0.05 at 
exciting wavelength) of 2-COOMe were used in all mea
surements. The concentration of ethyl iodide was varied up 
to a maximum of 0.05 M when kq was large (>109 M-1  s_1) 
and up to 0.5 M when kq was small (<109 M _1 s~').

The HMO calculations were performed on a Burroughs 
5500 computer using a Fortran IV program written by Dr. 
Peter Frosch of our department.

Results
I. Absorption and Fluorescence Spectra of the Esters. 

The absorption and fluorescence spectra of 9-COOMe in 
cyclohexane are shown in Figure 1 . The absorption spec
trum is quite anthracene-like having wavelength maxima 
which show little solvent dependence. Conversely, the fluo
rescence spectrum becomes more diffuse and the wave
length maximum (Af) red shifts in solvents of increasing po
larity.5

In Figures 2 and 3, the absorption and fluorescence spec
tra of 1 -COOMe and 2-COOMe in cyclohexane are given. 
Note that the fluorescence spectrum of both molecules in
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TABLE I I :  Fluorescence Data for the Three Methyl Anthroates/

9-COOMe 1-COOMe 2-COOMe
Solvent0 v b 0f T f c p b <p{ T f c Vmb 0f Tfc

Hexane (30) 2.37 0.33 ± 0.01
Cyclohexane (33)d 2.20 0.85 ± 0.02 12.5 ± 1 2.29 0.12 ± 0.01 3.0 ± 1 2.36 0.49 ± 0.02 10.3 r 0.3
Ether (34) 2.19 2.33 2.35
Benzene (34) 0.75 ± 0.03 14.1 ± 0.5 2.32 0.72 ± 0.02
Dioxane (36) 2.15 0.70 ± 0.03 14.4 ± 0.5 2.20 2.32 0.78 ± 0.02
Methyl formate (40) 2.14 2.17 2.31
Benzonitrile (42) 2.10 2.14 2.27
Dimethyl- 2.11 2.13 2.27

formamide (44) 
Acetonitrile (46) 2.10 0.41 ± 0.03 8.1 ± 0.5 2.15 0.72 ± 0.02 15.0 ± 0.5 2.28 0.97 ± 0.02 21.5 ± 0.5
Ethanol (52) 2.06 0.18 ± 0.01 4.1 ± 1 2.12 0.67 ± 0.02 16.5 ± 0.5 2.24 0.98 ± 0.02 21.8 ± 0.3
Methanol (55.5) 0.11 ± 0.01 1.7 ± 1 2.21 0.92 ± 0.02
60% Dioxane— 2.02 0.07 ± 0.01 2.03 2.16

40% water (55.6) 
Trifluoroethanol (61.1)e 0.02 2.09 0.75 ± 0.05

0 Values in parentheses are the solvent £ T(30) values. b X 10-4 cm"1. c Nanoseconds. d Estimated from ET(30) values of 
hexane and benzene. e Estimated by comparison of <pf of 9-COOMe in trifluoroethanol with <pf of 9-COOMe in H20 —dioxane 
mixtures of known ET(30) values. fT =  22 °C.

Figure 1. Absorption (A) and fluorescence (F, <10_:l M) spectra of 
9-COOMe in cyclohexane. The two spectra are normalized to the 
same intensity.

and in ethanol (.......... ). All spectra are normalized to same intensity.

cyclohexane has a structured, anthracene-like appearance. 
As with 9-COOMe, only the fluorescence spectra of 1- 
COOMe and 2-COOMe show significant solvent depen-

Figure 3. Absorption spectrum (A) of 2-COOMe in cyclohexane and 
fluorescence spectra (F, <10 - 5  M) of 2-COOMe in cyclohexane (— ) 
and in ethanol (.......... ). All spectra are normalized to same intensity.

dence. With increasing solvent polarity the fluorescence 
maximum red shifts and a severe loss of vibrational struc
ture is observed. The fluorescence spectra of 1-COOMe and
2-COOMe in ethanol shown in Figures 2 and 3 illustrate 
these points.

The fluorescence excitation spectra of anthracene at 77 
K and of 2-COOMe at room temperature and at 77 K in 
ethanol-methanol (4:1) are given in Figure 4. These spectra 
are uncorrected for the wavelength response of the source- 
excitation monochromator system. It can be seen that the 
excitation spectrum of 2-COOMe at 77 K is considerably 
more structured and anthracene-like in appearance than is 
the room temperature spectrum. The 77 K fluorescence ex
citation spectrum of 1 -COOMe in Figure 5 is also more 
structured than its room temperature counterpart but less 
structured than the 77 K spectrum of 2-COOMe in Figure
4.

II. Solvent Dependence of Ester Spectral Properties. 
The solvent dependence of the lowest excited singlet (Si) 
energy, the fluorescence quantum yield (<t>f), and the fluo
rescence lifetime (rf) for all three esters are shown by the 
data in Table II. The solvents are listed in order of increas
ing solvent polarity as measured by the empirical £ t (30)
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wavelength inmi

Figure 4. Fluorescence excitation spectra of 2-COOMe at room
temperature (— ) and at 77 K (.......... ) and of anthracene at 77 K
(____ ). All concentrations <10~ 5 M. Excitation bandpass =  7 nm,
emission bandpass = 3 nm.

Figure 5. Fluorescence excitation spectra of 1-COOMe at room 
temperature (— ) and at 77 K (-----concentration <10 - 5  M. Ex
citation bandpass =  7 nm, emission bandpass =  3 nm.

polarity scale.12 As a measure of the Si energy, the mean 
wavenumber of fluorescence (t>m) has been calculated in 
each solvent from the following relation:13

P  I'm P  *’2
F(v) di = * lk | F(~v) di> (I)

%) v\ %) v\

where n and ¡>2 are the minimum and maximum wavenum
bers at which measurable fluorescence occurs, respectively, 
and F(v) is the corrected fluorescence intensity at a given 
wavenumber. To determine Pm, the corrected fluorescence 
spectrum in wavelength is first converted to a wavenumber 
scale. The t>m value is then obtained by comparing the areas 
under the curve (by cut and weigh) from ¡>1 to ¡>m with the 
total area under the spectrum. By the use of vm values, ex
cited state energies taken from spectra of differing shape 
and structure can be compared with validity.

Generally, the energy of Si is observed to decrease as sol
vent polarity increases for all three esters. In a given sol
vent, the Si energy always decreases in the following order: 
Si(2-COOMe) > Si(l-COOMe) > Si(9-COOMe).

The 4h of 9-COOMe generally decreases as solvent polar
ity increases especially in solvents which are hydrogen 
bond donors.5 4>i values in Table II for 9-COOMe in cyclo
hexane, benzene, and acetonitrile are higher than reported 
previously5 due to more efficient deoxygenation procedures 
presently employed. The observed trend for 2-COOMe is, 
however, quite different than that of 9-COOMe. In the very 
nonpolar solvent hexane, the 0f of 2-COOMe is at a mini-

TABLE III: Natural Excited-State Lifetimes for the Methyl 
Anthroatesc

Compound Solvent Tri, nsa 7r2, ns*

2-COOMe Cyclohexane 21 ± 1 19
2-COOMe Acetonitrile 22 ± 1 23
2-COOMe Ethanol 22 ± 1 22
1-COOMe Cyclohexane 25 ± 9 18
1-COOMe Ethanol 25 ± 1 28

9-COOMe Cyclohexane 15 ± 2
9-COOMe Acetonitrile 20 ± 3
9-COOMe Ethanol 23 ± 6

a From Tf/0f. * From Strickler—Berg equation, ref 13 
c T  = 22 0 C.

TABLE IV: 7T Bond Order for the Ring—Carboxyl Bond 
in S0 and S, for the Anthroate Esters

_____Compound Prs(S0) Prs(S,)
9-COOMe 0.6884 0.7415
1- COOMe 0.4561 0.5165
2- COOMe 0.4320 0.4819

mum (0.33). As solvent polarity begins to increase, 0f be
gins to rise rapidly until it reaches a value near unity in 
both acetonitrile and ethanol. The 4>f begins to decrease 
again in the better hydrogen bond donor solvents methanol 
and trifluoroethanol. From the limited 0f data in Table II, 
it appears that the 0f of 1-COOMe shows a similar solvent 
dependence as the 0f of 2-COOMe.

The Tf’s for the three esters follow the same solvent 
trends as do the 0f’s for the respective esters. The Tf of 9- 
COOMe in cyclohexane was measured on both the Ortec 
and TRW instruments (see Experimental Section) and 
found to agree within 1 ns. An average value of the two de
terminations is reported in Table II.

i l l .  Natural Excited-State Lifetime of the Esters. The 
natural excited state lifetime (rj of the esters was calculat
ed by two methods. First, from the fluorescence properties 
of the ester via

T r l  =  T f / 0 f  (II)

and second from the Strickler-Berg equation

l/r , 2 = (2.88 X 10- 9)n2(i)-3 *) - 1J’ (e/i>) di> (III)

which depends on an integration over the absorption spec
trum, where n is the index of refraction, c is the molar ex
tinction coefficient, and (i>-3)-1 = J/(i>) di>//j>_3/(i>) dr.14 
The f(v) term is the corrected fluorescence intensity as a 
function of frequency. Results of these calculations are 
given in Table III. Strickler-Berg calculations were not car
ried out for 9-COOMe because there is some question as to 
the validity of this calculation when significant geometry 
changes accompany excitation.14

IV. HMO Calculations of ir Bond Order for the Substit
uent Bond. Simple HMO calculations were performed on 
the three esters to determine the re bond order (Prs) of the 
ring to carboxyl group bond in the ground (S0) and in first 
excited singlet (Si) state. The heteroatom parameters sug
gested by Streitwieser15 were used for the carboxyl oxygens 
and the geometry of both S0 and Si was assumed to be pla
nar for the calculation. Comment on this latter assumption 
will be made in the Discussion. The results of these calcula
tions are given in Table IV. Note that for all three esters 
the tt bond order is larger in Si than in S0. Also, ir bond
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TABLE V : Heavy Atom Quenching of 2-COOMe 
Fluorescence as a Function of Solvent

Solvent Et (30) Ksv T f ,  nsc
109ftq, 

M-‘ s- 1 <t> f
Hexane 30.9 15.3 4.3 3.6 0.33
Cyclohexane 33<J 14.8 7.3 2.0 0.49
Dioxane 36 4.7 14.3 0.33 0.78
Acetonitrile 46 3.0 10.6 0.28 0.97
Ethanol 51.9 1.6 12.7 0.13 0.98
Methanol 55.5 1.3 10.5 0.12 0.92
Trifluoroethanol 61.l b 0.42 9.8 0.043 0.75

a Estimated from E j(30 ) values of hexane and benzene. 
b Estimated by comparison of 0f of 9-COOMe in trifluoro- 
ethanol With (pf o f 9-COOMe in H20 —dioxane mixtures of 
known Ej(30) values. c In aerated solution.

order increases in the sequence P rs(9-C00Me) > Prs(l- 
COOMe) > Prs(2-C00Me) in both states.

V. Heavy Atom Quenching of 2-COOMe Fluorescence. 
The quenching of 2-COOMe fluorescence by ethyl iodide in 
several solvents was investigated. Typical Stern-Volmer 
plots were obtained in each solvent when (F°/F — 1) was 
plotted against quencher concentration. The slope of the 
straight line plot (jFî sv) is equal to kqr / where kq is the rate 
constant for bimolecular quenching and t/  is the lifetime of 
2-COOMe in aerated solvent. Values for Ksv, rf, are kq are 
given in Table V for the solvents studies. Also included in 
Table V are the <fa of 2-COOMe in each solvent and the sol
vent £ t (30) values.

Discussion
Most of this section will be confined to a discussion of 

the 1- and 2-COOMe spectral properties. The spectral be
havior of 9-COOMe has already been discussed5®'7 and the 
results of that work will be mentioned here for a compari
son with the 1- and 2-COOMe excited state behavior.

I. Nature of the Electronic Transitions Involved in the 
Long Wavelength Absorption and Fluorescence. The long 
wavelength absorption spectrum of anthracene is thought 
to contain two overlapping transitions which are classified 
by Platt as xAi -* 1La or !La and ’A] —* 'Lb or 'Lb.16 The 
allowed 1La transition is short axis polarized and considera
bly more intense than the long axis polarized and forbidden 
1Lb transition.16 Indeed, the difference in intensity of the 
two transitions has made the detection of the weaker xLb 
transition subject to considerable uncertainty. PPP-SCF 
calculations place the xLa and 'Lb excited states at about 
28 000 and 29 000 cm-1, respectively.17 Experimentally, the 
origin of the 1Lb transition has been placed anywhere from 
25 000 to about 30 000 cm- 1 .17' 20 The best agreement with 
the calculated value comes from two photon and polarized 
spectral work which position the 1Lb transition onset near 
30 000 cm- 1.17'18

When a substituent is attached to the anthracene ring, 
its ability to affect a given electronic transition will depend 
on the position of substitution. For naphthalene, where the 
'L a and 'Lb transitions can be nearly resolved, the former 
transition is more red shifted than the latter by substitu
tion in the 1 position while the opposite is true for 2 substi
tution.21 Thus the transition which is more affected by sub
stitution is the one polarized along the direction of substi
tution. By analogy to naphthalene, substitution in the 9 
and 1 positions of anthracene should have a greater effect 
on the 1La transition while 2 substitution is expected to 
have a greater effect on the 1Lb transition. One of the main 
goals of this work was to see whether methyl ester substitu

tion in the 2 position would lead to a greater expression of 
the 1Lb transition in either absorption of fluorescence. Pre
viously, we reported that the 'Lb level become the emitting 
state for 2-anthroic acid in polar solvents.8

The absorption and fluorescence spectra of 2-COOMe in 
cyclohexane shown in Figure 3 seem to suggest enhance
ment of the 1Lb transition in absorption. The lack of mirror 
image symmetry between the two spectra is consistent with 
overlapping absorption transitions with only the lower en
ergy transition responsible for the fluorescence. However, 
the natural lifetime data in Table III are not in agreement 
with this suggestion. xr2 values for 1- and 2-COOMe are 
quite similar indicating that the transition responsible for 
the long wavelength absorption of both esters is essentially 
the allowed 1La transition. In addition, the excellent agree
ment between Trl and rr2 for 1 - and 2-COOMe is further 
evidence that the long wavelength absorption is comprised 
of one major electronic transition. A significant contribu
tion from a second transition would result in 7-r l  >  r r2 .22 

Apparently, intensification of the 'Lb transition for 2- 
COOMe is not great enough for this transition to make sig
nificant contribution to the overall absorption intensity. A 
second consideration which follows from the agreement of 
Tri and rr2 is that the fluorescence transition for both esters 
must be the reverse of the absorption, i.e., ‘La -»■ 'Ai. Sup
port for this assignment is evident in the fluorescence spec
tra of 1 - and 2-COOMe in cyclohexane (Figures 2 and 3). 
These spectra closely resemble that of anthracene fluores
cence (1La —1► 1Ai) and possess similar vibrational spacing 
(~1400 cm-1) as found in the anthracene spectrum. Clear
ly, the invariance of r r l  as a function of solvent for 2- 
COOMe argues against an excited state inversion in polar 
solvents and substantiates that the 'L a state is the emitting 
state in solvents of widely varying polarity. Carboxyl sub
stitution will undoubtedly introduce some degree of charge 
transfer (CT) character into the 1La state resulting in a 
more polar excited state than that of anthracene.5® The CT 
character of Si is confirmed by the following observations; 
the carboxyl group becomes more basic on excitation to the 
1La state,23 the energy of Si red shifts in more polar sol
vents (Table II), and the fluorescence spectra of the esters 
in ethanol (Figures 2 and 3) show the expected polar sol- 
vent-induced spectral smearing.

Our present findings for 2-COOMe raise doubts about 
the previously reported results concerning fluorescence 
from the xLb level of 2-anthroic acid (2-COOH) in polar 
solvents.8 These results were based on <j>{ and xf data for 2- 
COOH in cyclohexane and acetonitrile. We have repeated 
these measurements. In the three solvents mentioned in 
Table III, the rri’s for 2-COOH range from 24 to 26 ns 
which is in substantial agreement with the 2-COOMe 
values. Thus we conclude that our prior assignment of the 
*Lb state as the emitting state for 2-COOH in polar sol
vents is in error. Our earlier <pi and t{ values for 2-COOH 
were lower than our present values especially in acetoni
trile. One reason for this is that the earlier data were ob
tained with a less efficient deoxygenation system than we 
presently use. The moderately long xf’s for these com
pounds make their fluorescence relatively sensitive to oxy
gen quenching. A second reason for the discrepancy in
volves ground state ionization of the 2-COOH in acetoni
trile. At the low concentrations used for cf>f and xf determi
nations in the previous work (~2 X 10-6 M), substantial 
formation of the 2-anthroate anion occurs in acetonitrile. 
We have avoided this complication in our present work by 
adding a trace of H+ (~5 X 10~5 M) to suppress ionization
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in polar solvents. On addition of this H+ the fluorescence 
intensity increased but underwent no further change on a 
second addition of H+. Thus we believe that this H+ addi
tion ensures that all of the 2-COOH is in the molecular 
form in So and that H+ at this concentration does not 
quench 2-COOH fluorescence.

It is concluded, then, that carboxyl substitution in the 2 
position of anthracene does not cause an inversion of the 
anthracene 'La and 'Lb levels in any solvent. Nor does car
boxyl substitution provide sufficient intensification of the 
'Lb transition to be detectable by a comparison of rr’s. Sev
eral workers have reported a greater expression of the 'Lb 
transition in some side substituted anthracenes. Albrecht 
et al., using polarized absorption and fluorescence mea
surements, have presented evidence for the spectral detec
tion of the 'Lb transition in 2-methoxy- and 2,3-dimethox- 
yanthracene.17„Tha predicted and observed polarization of 
the 'Lb transition for the 2-methoxy derivative is along the 
short axis of anthracene indicating significant state mixing 
with the 'L a wave function.17 It is worth noting that even 
for the 2,3-dimethoxy derivative the 'L a state appears to be 
the lowest energy excited state.17 Suzuki and Baba, using 
solvent perturbation and vibrational analysis, have ob
served the 'Lb transition in 2-hydroxyanthracene.24 They 
propose that the 'Lb state is actually below the 'L a level 
and thus fluorescence originates from the 'Lb state in this 
molecule. McKelvey and King have also presented evi
dence for the detection of the 'Lb transition in 2-hydroxy- 
anthracene based on oscillator strengths.25 However, they 
suggest that the lowest energy, fluorescing state remains 
the 'L a level.

II. Ground and Excited State Geometries of the An- 
throate Esters. Previously it has been shown that the spec
tral properties of 9-COOMe reflect significant differences 
in the equilibrium geometries of the ground (So) and first 
excited singlet states (Si).7 The anthracene-like appear
ance of the 9-COOMe absorption spectrum in Figure 1 is in 
agreement with the near perpendicularity of the ring and 
carboxyl group planes in So.26 Electronically, a planar So is 
favored but steric hindrance with the peri hydrogens re
sults in the more perpendicular conformation.26 The calcu
lated it bond order (Prs) for 9-COOMe in So is a consider
able overestimation of the true PTS value since it is based on 
a planar So. More likely, Prs approaches zero in So. On exci
tation, a significant increase in Prs occurs resulting in an Si 
geometry approaching coplanarity. Accompanying this ge
ometry change in Si is a degree of charge transfer (CT) 
toward the carboxyl group.5 The resulting diffuse fluores
cence shown in Figure 1 is attributed to the geometry dif
ference between So and Si and to the CT character of the 
Si state.5®

The situation with 2-COOMe is in considerable contrast 
with that of 9-COOMe. Molecular models indicate no steric 
hindrance to coplanarity for either of the two conformers (I 
and II). Thus it is likely that the 2-COOMe molecule is pla- I

O OCH;,

I I I
nar in both So and Si. McGlynn and Lui have presented 
spectral evidence which shows that methyl and ethyl esters 
of 2-naphthoic acid are planar in both states.27 However, as 
Table IV demonstrates, there is a substantial increase in

Figure 6. Potential energy as a function of 0 for the ground (S0) and 
first excited singlet state (S-i) of 2-COOMe.

Prs in Si for 2-COOMe. The significance of this fact with 
respect to the spectral behavior of 2-COOMe is evident 
from the curves in Figure 6. These curves represent the rel
ative potential energy of 2-COOMe as a function of molec
ular conformation in S0 and Sf. The angle 0 is the angle be
tween the planes of the ring and the carboxyl group. Molec
ular models show no steric hindrance to coplanarity for ei
ther of the two coplanar conformers (I and II, 0 = 0 and 
180°) and therefore, we assume that the energies of I and II 
are quite similar in both states. Since Prs is greater in Si, 
the potential function for this state should rise more steep
ly than the So function as the molecule is rotated away 
from the potential minima. Thus while the equilibrium an
gles for both states are the same, the distribution of con
formers about the equilibrium angle is different in the two 
states. At a given temperature, a greater number of confor
mations will exist in the S0 level. The electronic transition 
energy of a given conformer will differ slightly from that of 
other conformers thereby resulting in a greater range of 
transition energies for the state with the greater distribu
tion of conformers. It follows, then, that one would expect a 
more diffuse absorption spectrum than fluorescence spec
trum for 2-COOMe. This is confirmed by the spectra in cy
clohexane shown in Figure 3. By lowering the temperature 
to 77 K, the distribution of conformers in So will decrease 
until only those associated with the energy minima remain. 
Therefore at 77 K, a more “ anthracene-like” absorption 
spectrum is expected for 2-COOMe and this is indeed ob
served in Figure 4. The significance of this observation is 
that the lack of a mirror image relationship, as in Figure 3, 
does not necessarily mean that S0 and Si have different 
equilibrium geometries. Rather, it may signify a different 
distribution of conformers about the equilibrium geometry 
in the two states.

A molecular model of 1-COOMe demonstrates that nei
ther of the conformers (III and IV) can achieve complete

CH- ° \ c ^ o

III IV
coplanarity in So- X ray analysis of 1-naphthoic acid places 
the angle 0 at 1 1 ° in So and we would expect a similar S0 ge
ometry for 1 -COOMe.28 The electronic spectra of the meth
yl ester of 1 -naphthoic acid are consistent with a noncopla- 
nar geometry for S0 and a nearly coplanar geometry for

The Journal of Physical Chemistry, Vol. 80, No. 5, 1976



"‘“«iSiSg

Si.27 From our calculated P r9 values in Table IV, we also 
predict a more coplanar Si for 1-COOMe. Thus, with re
spect to the relative geometries in So and Si, the behavior 
of 1 -COOMe is between 9-COOMe and 2-C00Me although 
closer to the latter. That is, a change in the equilibrium ge
ometry does occur subsequent to excitation for 1-COOMe 
but the change in 6 is considerably smaller than for 9- 
COOMe.

The So potential function for 1 -COOMe will also contain 
two minima as a function of 6. However these minima 
should differ from those for 2-COOMe in two ways. First, 
the minima for 1 -COOMe will be obtained at 9 >  0° and 8 
<  180°. Second, it is likely that the energies at these two 
minima will not be the same since models suggest that 
structure III can become more planar than structure IV. 
Also, for a given 9, carboxyl substitution in the 1 position 
should have a greater effect on the 7La transition than 2 
substitution since the 1 position is more electron rich and 
lies more nearly along the polarization axis. The diffuse 
room temperature absorption spectrum of 1 -COOMe in 
Figure 2 is consistent with a distribution of conformers 
about the two So potential minima. Note, however, that the 
excitation spectrum of l-COO,Me in Figure 5 is still consid
erably more diffuse than the 77 K excitation spectrum of 
2-COOMe in Figure 4. Two reasons for this could obtain. It 
is possible that even at 77 K a significant population of 
conformers exists in the'higher energy minima. These con- 
formers would have slightly differing excitation energies 
than those associated with the lower minima the result 
being overlapping absorption. A second possibility involves 
the relative shapes of the Si and So potential functions. 
The Si function will have minima at 8 ~  0° and ~180° and 
rise more steeply than the So function because of the in
creases in Prs on excitation. Because of the difference in 
equilibrium 8, absorption from So may terminate in the 
steeply rising portion of the Si function. This would tend to 
accentuate the difference in excitation energy for the dis
tribution of conformers which can exist at 77 K in So-

It seems likely from models that structure III could ac
commodate the coplanar geometry of Si with less steric re
pulsion than structure IV. As a result, the energy difference 
between the two potential minima is expected to be greater 
in Si than in So- In the equilibrium excited state, virtually 
all of the molecules may now exist about the lower energy 
minima. The steeper Si function will again result in a more 
restricted range of conformers about this minimum than in 
So and this in turn would produce a more structured fluo
rescence spectrum. This suggestion is in agreement with 
the anthracene-like fluorescence spectrum of 1-COOMe in 
cyclohexane shown in Figure 2.

III. 4>(as a Function of Solvent for the Anthroate Esters. 
The solvent dependence of the <j>f for 9-COOMe has been 
discussed previously.5® As seen in Table II, the fa of 9- 
COOMe in nonpolar solvents is relatively high but de
creases markedly in polar protic solvents. The high fa value 
in nonpolar solvents is thought to be a result of the relative 
energies of Si and the two lowest triplets (Ti and T 2). In 
anthracene, T2 is slightly below 3i and the small APsi-T2 
leads to efficient intersystem crossing (ISC).29 It is usually 
assumed that triplet levels of anthracene are less sensitive 
to substitution and solvent than is Si-30 Thus the Ti and T 2 
energies of all three esters are probably quite similar to 
those of anthracene. However, the ester Si energies are all 
lower than that of anthracene particularly for 9-COOMe 
where Si is ca. 3000 cm-1  below the anthracene Si.5a

Fluorescence Properties of Carboxyl Substituted Anthracenes

Therefore in nonpolar solvents the Si state of 9-COOMe 
should be below T 2 by as much as 2000 cm-1  but above  Ti 
by as much as 7000 cm_I.oa ISC becomes much less effi
cient than for anthracene which explains the threefold larg
er fa observed for 9-COOMe. The decrease in the 4>( for 9- 
COOMe in polar protic solvents is due to an increase in one 
or both of the nonradiative rate constants (kisc + feic) rath
er than a decrease in the radiative rate constant (kf).5a Al
though AjEsi-Ti is expected to decrease in protic solvents, 
the magnitude of AEsi-Tj in these solvents would seem to 
be too large to account for the reduced fa in terms of an in
crease in kiSC. Instead, it has been suggested that a solvent 
induced enhancement of k\c occurs in protic solvents.5®

The solvent dependence of the fa for 2-COOMe appears 
to be quite different from that of 9-COOMe (Table II). 
Nonetheless, the solvent trends for the 2-substituted ester 
can be rationalized using the same excited state scheme as 
above. The key difference between the 9- and 2-substituted 
esters is the energy of Si which is always higher for the lat
ter ester. For example, in cyclohexane the Si energy for 2- 
COOMe is higher by 1600 cm-1  which would place the Si 
level of 2-COOMe much closer to the T 2 level than for 9- 
COOMe. As a result, efficient intersystem crossing is possi
ble leading to a <j>{ < 0.5 in hexane and cyclohexane. It is in
teresting to note the dramatic increase in fa which accom
panies a relatively small shift in Si in these saturated hy
drocarbon solvents. This is precisely the behavior one 
would expect if Si lies slightly below T2 so that intersystem 
crossing (ISC) must be thermally assisted. We are currently 
investigating the temperature dependence of the fa of 2- 
COOMe to clarify this mechanism. With further increases 
in solvent polarity, the Si energy continues to decrease and 
therefore AEsi-T2 must become larger thereby inhibiting 
the thermally assisted ISC process. In ethanol and acetoni
trile the fa of 2-COOMe has risen to near unity which is be
lieved to be the highest fa value ever reported for a side- 
substituted anthracene.

The fa of 2-COOMe in ethanol is much greater than that 
of 9-COOMe in this solvent (0.18). The large difference in 
fa’s implies that the protic solvent induced quenching ob
served for 9-COOMe in ethanol is not significant for 2- 
COOMe. In stronger hydrogen bond donating solvents such 
as methanol and trifluoroethanol, the fa of 2-COOMe is ob
served to decrease. An explanation for the reduced fa in 
these solvents is ISC to Ti. However, although the magni
tude of £ s,-Ti should decrease in these solvents, it should 
remain too large for significant Si *-*■ Ti decay to occur. 
Solvent induced internal conversion may be the dominant 
nonradiative pathway in polar protic solvents.

Our mechanism above is based on T 2 lying above Si in all 
the solvents studied. It is possible that Si might actually be 
above T 2 in some of the nonpolar solvents. In this case, the 
efficiency of ISC could increase or decrease as Si approach
es T 2 in more polar solvents because small differences in 
A £s,-T2 when the magnitude of -VE.Si-Ti is small can lead to 
significant variation in the Franck-Condon factor which 
govern the Si~-*T2 process.30 We observe only an increase 
in <f>[ as solvent polarity increases through ethanol. There
fore we believe that Si probably lies below T2 even in the 
very nonpolar solvents.

The fa trend with solvent for 1 -COOMe is similar to that 
for 2-COOMe but two differences stand out. The fa’s for
1 -COOMe are lower than the 2-COOMe values in a given 
solvent implying a slightly lower T 2 energy for the former 
ester if ISC is thermally assisted. Also, the fa of 1 -COOMe
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Figure 7. The dependence of the 4>f for 2-COOMe and of kq for the 
ethyl iodide quenching of 2-COOMe fluorescence on solvent polari
ty: 0 f (.......... ); kq (— )•

in the protic solvent ethanol is slightly lower than in aceto
nitrile. Apparently some protic solvent induced quenching 
is already being observed in ethanol for 1 -COOMe.

It is clear from the above discussion that experimental 
location of the ester triplet levels is necessary to substan
tiate the decay mechanisms. Unfortunately, all attempts to 
locate these triplets by phosphorescence or triplet-triplet 
absorption have thus far been unsuccessful.31 The explana
tion presented above for the solvent dependent fa of 1 - and
2-COOMe implies that ISC is controlled by a small, solvent 
dependent AEsi-t2 in nonpolar solvents and that ISC is 
unimportant in polar solvents due to a large AEsi-Ti- The 
presence of a heavy atom, either internally or externally, is 
known to quench fluorescence by enhancing ISC via spin- 
orbital coupling. Recently, it has been shown that the effi
ciency with which a heavy atom quenches fluorescence is 
inversely related to the energy gap between the fluoro- 
phore’s Si and accepting triplet.32 As this energy gap in
creases, heavy atom induced ISC becomes less competitive 
with fluorescence because the former process requires in
creasingly larger amounts of electronic energy to be con
verted into vibrational energy during the transition. Heavy 
atom quenching is only observed for aromatic molecules 
when the Si to accepting triplet gap is significantly less 
than 104 cm- 1 .32 We felt that the ability of a heavy atom to 
quench the fluorescence of 2-COOMe in different solvents 
might reflect the relative gap between Si and the nearest 
accepting triplet. Ethyl iodide was used as the heavy atom 
quencher and the bimolecular quenching constant (kq) was 
used as a measure of quenching efficiency. The kq values 
obtained in the various solvents are presented in Table V 
along with the fa of 2-COOMe in each solvent. A rather 
dramatic inverse relationship is observed between kq and 
fa as solvent polarity increases from hexane through etha
nol. This is graphically illustrated in Figure 7. The varia
tion of kq as a function of solvent far exceeds that expected 
for differences in diffusion rate among these solvents. In 
hexane, where fa has its minimum value, kq has its maxi
mum value which is near that for diffusion control. This is 
in complete agreement with the small Af?Si-T2 proposed for 
this solvent. As solvent polarity increases through ethanol,

Figure 8 . A plot of the calculated rate constant for ISC (k,sc) vs. the 
rate constant for heavy atom quenching (kq) in the samesolvent.

feq decreases and fa increases as expected if AEs1-t2 is in
creasing and AEsi-Ti is large. Note that in methanol and 
trifluoroethanol the k q value continues to decrease even 
though the fa has now begun to decrease from the valué in 
ethanol. This substantiates our earlier suggestion that the 
reduction in fa in these two solvents is due to protic solvent 
induced internal conversion rather than ISC. If we assume 
that internal conversion is the only significant nonradiative 
decay made in these two latter solvents, the calculated 
values from eq IV for the internal conversion rate constants 
(feic) are 3.9 X 106 s_1 (methanol) and 1.5 X 107 s_1 (trifluo
roethanol). By contrast, the k K value for 9-COOMe in 
methanol is 5.3 X 108 s-1.5a

The variation in the fa of 2-COOMe from hexane 
through ethanol is attributed soley to variation in A¡sc and, 
for these solvents, kf, k¡sc »  k-,c. Thus we can calculate k isc 
from eq IV for 2-COOMe in these solvents. Figure 8 shows

ki = —  — k{ k\ = &ic or fejsc (IV)
fa

a plot of these calculated k -,sc values vs. the k q values from 
the heavy atom quenching experiments. A relatively good 
linear relationship exists between the two sets of rate con
stants. Although no direct linear relationship is predicted 
on theoretical grounds, there seems little doubt that the 
plot in Figure 8 confirms the mutual dependence of the two 
rate constants on the same single-triplet gap.

We have tried to measure k q values for the ethyl iodide 
quenching of 9-substituted ester fluorescence. No quench
ing could be observed with the procedure used to measure 
k q for 2-COOMe. This is then confirmation of the predict
ed large Ai?Si-Ti and consequent lack of significant ISC for 
the 9-substituted esters. One note of caution must be 
added in interpretation of this data. Electron-withdrawing 
substituents in the 9 position ■will considerably reduce the 
electron-donating power of the ring. The anthracene ring 
apparently behaves as an electron donor in formation of 
the complex with ethyl iodide which leads to quenching.33 
Therefore the lack of heavy atom quenching for a 9-substi
tuted ester could be due in part to weak complex formation 
as well as a large AEsi-Ti-

Finally, it is worthwhile to compare our results obtained 
with carboxyl substituted anthracenes to recent work with
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carbonyl substituted anthracenes. These latter compounds 
are virtually nonfluorescent at room temperature in sol
vents such as cyclohexane and ethanol.4 Presumably, very 
efficient ISC decurs from Si to a lower T  (n,ir*) level of the 
carbonyl group,4 It is well known that the Si (n,ir*) ener
gies of aliphatic carboxylic acids and esters are substantial
ly higher than the Si (n,ir*) energies of aliphatic aldehydes 
and ketones.34 Assuming the same is true for Ti (n,ir*) lev
els, thè T i (n,7r*) state of the carboxyl group should be too 
high in energy to influence the Si decay of the anthroate 
esters. .In conclúsion, then, it is ISC to the T2 level of an
thracene rather than to the T x (n,r*) of the carboxyl group 
which-can compete with anthroate fluorescence in nonpolar 
solvents.
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ESR line widths of vanadium(IV) in acidic and basic media were determined. Analysis of the mj-depen
dent line width contributions gave rotational correlation times which were linear in T¡r\ and resulted in ra
dius estimates of 0.34 ±  0.01 nm for V0 (H20)s2+ and 0.27 ±  0.02 nm for V0 (0 H)3(H20 )2_. Spin-rotation 
line width contributions were found to be in satisfactory agreement with the theory of Atkins and Kivelson. 
Comparison of residual line widths obtained in H2O and D2O solutions showed that the average contribu
tion of unresolved proton hyperfine structure was about 0.4 G for the aquo vanadyl ion and 6.5 G for the 
trihydroxo anion. Line shape simulations show the contribution for the aquo ion to be consistent with the 
proton coupling of 1.1 G determined by NMR methods. A much larger proton coupling is implied for the 
trihydroxo anion.

Introduction
Vanadium(IV) has recently been shown to exist in basic 

aqueous solution as the trihydroxo anion, 
VO(OH)3(OH2)2- .2 This species exhibits an eight-line ESR 
spectrum qualitatively similar to that of the aquo ion but

distinguished by a smaller isotropic vanadium nuclear hy
perfine splitting and a less anisotropic g tensor.2 ESR pa
rameters for the trihydroxo anion and the aquo cation are 
given in Table I. In this paper, we describe the line widths 
of the basic solution vanadium(IV) species and compare
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TABLE I: ESR Parameters for V 0(H 30  ) 52+ and 
V 0 (0 H )3(H20 ) 2-^________________________________________

VO(H2Q)52 + VO(OH)3(H20 ) 3-

1.964 1.970
116.4 G 96.1 G
—0.043 -0 .020

129.5 G -120.0  G

the results with a parallel reinvestigation of the aquo vana
dyl ion.

The aquo vanadyl ion has been the subject of several 
ESR line width studies.3' 7 At lower temperatures, the dom
inant line width contribution is due to motional averaging 
of the anisotropies in the g and a tensors. The effect is well 
understood through the work of McConnell8 and Kivelson9 
and leads to the well-known dependence of line width on 
the nuclear spin quantum number, m/. The contribution is 
proportional to the rotational correlation time and hence 
should be linear in 77/T . A second contribution, due to the 
interaction of the electron spin magnetic moment with the 
magnetic moment arising from rotation of the ion, has been 
treated by Kivelson;10 all lines are expected to be equally 
broadened, the contribution to the line widths increasing 
with T/t). Residual line widths, not explainable by either of 
the two mechanisms, have been noted and attributed to 
unresolved hyperfine structure arising from coupling of the 
equatorial ligand protons to the unpaired electron.6’7 No 
attempt has been made, however, to quantitatively deter
mine the size of this contribution. In this work, we examine 
the “ residual” line widths and treat quantitatively the con
tribution of unresolved proton hyperfine structure.

Experimental Section
Solutions of vanadium(IV) in 1 M sodium perchlorate or 

in 1 M sodium hydroxide were prepared as described ear
lier.2

Solutions of vanadyl chloride in H2O or D2O were pre
pared by the reduction of vanadium pentoxide, suspended 
in 2 M HC1 or DC1, by mercury in a system continuously 
purged by nitrogen. Mercury and mercury(I) chloride were 
removed by filtration and the solution diluted with water 
(or D2O) to give solutions 5.0 mM in VOCI2 and approxi
mately 0.01 M in HC1 or DC1. Vanadium pentoxide was 
prepared by thermal decomposition of ammonium metava
nadate in an oxygen stream at 300 °C.

D2O solutions, 5.0 mM in vanadium(IV) and 0.1 M in 
NaOH, were prepared by dropwise addition of 0.0125 M 
vanadyl sulfate in DoO to 0.167 M NaOH in D2O with vig
orous stirring under nitrogen. Both solutions were purged 
with nitrogen before mixing. Samples were removed from 
the mixing chamber with a syringe and sealed in sample 
tubes on a vacuum line. Solutions prepared in this way 
were stable for a week or more.

Solution viscosities were measured with an Ostwald vis
cometer using standard procedures.11 Solutions were fil
tered through a 10-15-/um sintered glass filter before mea
surement; calibration was with distilled water. ESR spectra 
from which line widths were measured were recorded as de
scribed in a previous paper.2

Results and Discussion
Determination of Line Width Parameters. It is a prop

erty of Lorentzian lines that the width of the first deriva

<£>
(a )

g\\ ~ g l
Qll

a From ref 2.

tive is inversely proportional to the square root of the am- • 
plitude. Since amplitudes can be measured with considera
bly greater precision than widths, we determined line 
widths by the following procedure. The quantity

Z ^ W w i A i ^  (1 )
O i

proportional to the square root of the integrated intensity, 
was first computed from the measured widths (between de
rivative extrema), ic,, and amplitudes, A„ of a spectrum. 
Corrected widths were then computed from the amplitudes

WiCOT = Z A r 112 (2)

and fitted to the power series expression

WiCOT =  a  +  fimi +  y m i 2 +  5m;3 (3)

where m; is the vanadium nuclear spin quantum number 
for the zth hyperfine line.

The line width parameters, a, d, 7 , and 5, were deter
mined as a function of temperature for 5 mM vanadi- 
um(IV) in 1 M NaClC>4 at pH 2.0 and in 1 M NaOH and are 
given in Tables II and III.

Contribution of Motional Averaging to Line Widths. 
The contributions to the line width parameters from mo
tional averaging of anisotropies may be obtained from 
equations given by Wilson and Kivelson.9 For a molecule of 
axial symmetry, the derivative line width contributions are 
a' = frR|90(Ag/go)W (4 + 3a) +  b2I(I + 1)[3 + 7u -

5uf(a/H0)\ -  2(Ag/g0)abI(I + 1)(1 + a)j (4a)

d = fTRj4(Ag/go)d//o(4 + 3u) -
4(Ag/g0)2aH0(4 + 3a + 3uf) -

b2(a/H0)I(I + 1)(1 + u + luf) -  b2(a/H0)(3 + 2a/)| (4b)

7  = frR(62[5 -  a + 5uf(a/H0) -
2(Ag/go)ab(l + 5a + 12a/)) (4c) 

b = 2frR62(a ///0)(l + a + uf) (4d)
In these equations, rR is the rotational correlation time, go 
= (2g± + g|j)/3, Ag = g\\ -  g± , a = (2gj_ +  a||)/3, b = a\i-  
a±, H0 = hwa/gafta is the center field of the spectrum, ar.d 
f  = godo/45\/3ft; /  is the nuclear spin (in this case 7/2), do 
is the Bohr magneton, u = (1 + o>o2tr 2)-1, and /  = o>o2tr2u. 
With the exception of the rotational correlation time, all 
parameters are known experimentally.2

If we identify the above expressions for d, 7 , and 5 with 
the experimental values, any one of them could be used to 
compute tR. In practice, however, we have used eq 4c for 
this purpose since: (i) b is known experimentally to greater 
precision than is Ag;2 and (ii) 7  is found from the least- 
squares fit to eq 3 with greater precision than is d or 5 
(which are usually coupled by a substantial covariance). 
Given a value of tR, obtained from the parameter 7 , how
ever, the parameters a', d> and b may be computed and 
compared with experimental values. These are given in Ta
bles II and III, together with the computed values of rR.

Examination of the results given in the tables reveals 
generally satisfactory agreement between the experimental 
and calculated values of the line width parameters d and 5; 
the differences are usually within one standard deviation. 
There is, however, a good correlation between (dexpt — 
dcalcd) and (¿expt ~ ¿calcd) as expected from the covariances 
found from the least-squares fits.

The rotational correlation time of a solute molecule may 
be expressed as12
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TABLE II: Line Width Parameters“ for Vanadium(IV) in 1.0 M NaC104

Exptl Caled

J-1- o o a (3 7
.3.0 19.6 ± 1.2 3.34 ± 0 22 1.45 ± 0.09
10.5 17.8 ± 0.9 3.18 ± 0 17 1.22 ± 0.06
20.5 15.6 ± 1.0 2.09 ± 0.15 0.84 ± 0.06
24.5 15.0 ± 0.9 1.78 ± 0.11 0.70 ± 0.04
37.6 14.4 ± 1.0 1.43 ± 0.10 0.54 ± 0.04
51.0 14.0 ± 0.9 1.14 ± 0.07 0.39 ± 0.02
63.0 13.9 ± 0.5 0.91 ± 0.05 0.28 ± 0.01

5 TRb 1a (3 5
-0 .043  ± 0.010 7.4 15.6 3.10 —0.021
-0 .038  ± 0.004 6.3 13.7 2.68 -0 .019
—0.021 ± 0.007 4.4 10.7 2.01 —0.014
—0.016 ± 0.002 3.7 9.7 1.78 -0 .013
—0.007 ± 0.001 2.9 8.7 1.50 - 0.011
—0.004 ± 0.002 2.09 7.5 1.2 1 -0.009
—0.003 ± 0.004 1.54 6.5 0.96 -0.007

“ In units o f gauss; uncertainties given are standard deviations. b In units of 10-11 s.

TABLE III: Line Width Parameters“ for Vanadium(IV) in 1.0 M NaOH
Exptl Caled

J-h O o a P 7 5 TRb ta (3 5

-2 .5 18.8 ± 0.9 1.49 ± 0.21 0.98 ± 0.06 -0 .051  ± 0.020 6.0 11.0 1.22 —0.013
3.0 17.7 ± 1.6 1.32 ± 0.15 0.89 ± 0.08 - 0.021 ± 0.010 5.5 10.3 1.14 - 0.012

10.5 17.2 ± 1.1 0.97 ± 0.07 0.63 ± 0.04 -0 .014  ± 0.004 4.0 8.4 0.90 - 0.010
20.1 16.9 ± 0.8 0.71 ± 0.04 0.42 ± 0.02 -0 .007  ± 0.003 2.7 7.0 0.70 -0 .007
20.5 16.7 ± 0.9 0.65 ± 0.04 0.38 ± 0.02 -0 .005  ± 0.005 2.5 6.8 0.67 -0.007
24.5 16.4 ± 0.7 0.60 ± 0.03 0.33 ± 0.01 -0 .006  ± 0.007 2.15 6.4 0.60 -0.007
37.6 16.2 ± 0.4 0.48 ± 0.02 0.24 ± 0.01 -0 .005  ± 0.002 1.60 5.6 0.49 -0 .005
51.0 16.0 ± 0.7 0.36 ± 0.04 0.18 ± 0.01 —0.001 ± 0.003 1.23 4.8 0.39 -0 .004
63.0 15.6 ± 0.6 0.30 ± 0.03 0.13 ± 0.01 -0 .002  ± 0.003 0.94 4.0 0.30 -0 .003

“ In units of gauss; uncertainties given are standard deviations. b In units of 10~'' s.

where r is the effective molecular radius, k is the 
Boltzmann constant, and k is the anisotropic interaction 
parameter, usually having a value between 0.5 and l.O.12 
Thus we expect the rotational correlation times to be at 
least approximately linear in y/T, the solution viscosity di
vided by the absolute temperature. The correlation times 
of Tables II and III are plotted in Figure 1 against i)/T, de
termined for 1.0 M NaC104 and 1.0 M NaOH, respectively. 
Reasonably good straight lines are indeed found, leading to 
values of rx1'3 of 0.34 ±  0.01 nm for V0 (H20)52+ and 0.27 ± 
0.02 for V0 (0 H)3(H20 )2~. Although x is unknown and may 
be different for the two species, it is reasonable to conclude 
that the trihydroxo anion is comparable in size to the aquo 
cation. This result removes any remaining doubts about 
the monomeric nature of the basic solution vanadium(IV) 
species.

Spin-Rotation Contributions tc the Line Widths. Cal
culated values of a', given in Tables II and III, are substan
tially smaller than the experimental values of the parame
ter a. This difference is due, at least in part, to the contri
bution of the spin-rotation interaction. The contribution of 
this effect to derivative line widths for an axially symmet
ric system is, according to Atkins and Kivelson,10

a" = (2h/9v/3g0do)(Ag||2 + 2Ag_L2)rR- 1 (6)

where Ag|| = ge ~ g|| and Ag x = ge -  g± ; ge is the free elec
tron g value. The residual line widths, a — a', are plotted as 
functions of rR_1 in Figure 2. A very good correlation is 
found for the acidic solution data; for the basic solution 
data, the correlation is less satisfactory, but still within ex
perimental error limits. The least-squares slopes of the 
lines in Figure 2 are (6.6 ±  0.4) X 10-11 and (4.4 ±  0.7) X 
10-11 G s for the acidic and basic solution data, respective

ly. These values may be compared with slopes, computed 
from eq 6 with the experimental values of Ag|| and Ag ± , of
4.2 X 10-11 and 2.5 X 10~u G s, respectively. The agree
ment, while not spectacular, is really quite good consid
ering the approximate nature of eq 6 and the errors inher
ent in the experimental data.13

Contribution of Unresolved Hyperfine Structure to 
Line Widths for the Aquo Vanadyl Ion. As the plots of 
Figure 2 show, inclusion of the spin-rotation interaction 
leaves substantial temperature-independent line width 
components: 3.3 ±  0.2 and 7.6 ±  0.4 G for the acidic and 
basic solution data, respectively. Lewis and Morgan6 found 
a residual line width of 3.3 G for the aquo ion in their rein
terpretation of the line width data of Rogers and Pake4 and 
of McCain and Myers.6 In a more recent study of vanadyl 
sulfate in 3 M HC1, Chasteen and Hanna7 found a residual 
line width, a — a’ — a”, of 1.85 G, using eq 6 to compute a". 
Both groups attributed the residual line width to unre
solved isotropic hyperfine interaction of the unpaired elec
tron on vanadium with the protons of the coordinated 
water molecules. A proton hyperfine coupling of 2.8 G has 
been observed in vanadyl-doped zinc Tutton salt,14 but 
NMR contact shift measurements lead to the smaller value 
of 1.1 G in solution.15

Lines broadened by unresolved hyperfine structure are 
intrinsincally non-Lorentzian. Thus the contribution from 
unresolved hyperfine structure is not additive, but is de
pendent on the width of the hyperfine components. In 
order to determine the contribution made by unresolved 
hyperfine structure to line widths in the spectrum of the 
aquo ion, computer line shape simulations were carried out 
assuming hyperfine coupling of eight equivalent protons. 
Some of the results are shown in Figure 3 where the ratio of 
the observed line width to the component line width is 
plotted as a function of the observed derivative width for 
proton hyperfine couplings of 1 , 2, and 3 G. The ratio of ob-
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TABLE IV: Line Width Parameters0 for Vanadium(IV) in Various Media
Exptl

Species a 13 y
V0(H 20 )s2+ 12.7 ± 0.4 1.83 ± 0.11 0.74 ± 0.06
V 0 (D ,0 )s,+ 13.0 + 0.7 2.26 + 0.21 0.90 + 0.08
VO(Ob)3" 9.4 ± 0.3 0.66 ± 0.15 0.35 ± 0.03

a In units of gauss; uncertainties given are standard 
temperature. b In units of 10” ' 1 s.

Figure 1. Rotational correlation times for the aquo vanadyl ion 
(closed circles) and the trihydroxo anion (open circles) as functions 
of the ratio of solution viscosity to absolute temperature.

Figure 2. Residual line widths for the aquo vanadyl ion (closed cir
cles) and the trihydroxo anion (open circles) as functions of the in
verse of the rotational correlation time.

served derivative amplitude to the sum of the component 
amplitudes is also plotted in Figure 3.

The line width data collected for V0 (H20)s2+ in 1.0 M 
NaC104 were corrected, using Figure 3, for an unresolved 
1-G proton hyperfine coupling and reanalyzed; a plot simi
lar to that in Figure 2 was obtained, having a slope corre
sponding to a” = (6.2 ±  0.4) X 10_11/ tr and an intercept 
corresponding to a residual line width of 3.0 G. Thus the 
average contribution of a 1-G hyperfine coupling to the 
ESR line widths of the aquo vanadyl ion is only 0.3 G.

In order to verify this result, ESR spectra were obtained 
of D2O solutions, 5.0 mM in V 0 2+ and 0.01 M in DC1, and 
identical solutions in H2O. The resulting line width param
eters are summarized in Table IV. The H2O results given 
are averages of three independent spectra while the D2O

Caled

5 7 R6
ra & 5 .

- 0.010 ± 0.011 3.8 10 .1 • 1.86 -0 .013
-0 .026  ± 0.016 4.6 1 1 . 1 . 2.10 -0 .015
—0.021 ± 0.023 2.3 6.6 • 0.63 -0 .007

parameters given are averages of severalspectra at ambient

Figure 3. The effect of unresolved hyperfine splitting of eight equiv
alent protons on line shape parameters for proton splittings of 1, 2, 
and 3 G: the ratio of observed line width to component line width 
(solid lines) and the ratio of the observed first-derivative amplitude 
to the sum of the components amplitudes (dashed lines) as func
tions of the observed derivative width.

results are averages of 18 spectra. Assuming the spin-rota
tion contributions to be given by a" = 6.6 X 10_11/ tr (the 
empirical result obtained above), we obtain a" = 1.7 and
1.4 G for the H2O and D20  solutions, respectively. The re
sidual widths then are a — a' — a” = 0.9 and 0.5 G for the 
H20  and D20. Thus at ambient temperature, the average 
contribution of proton hyperfine structure. to the line 
widths is on the order of 0.4 G. Although this value is not 
precisely determined, it is not strongly affected by uncer
tainties in the g  tensor components and is entirely consis
tent with the broadening expected for a proton coupling of
1.1 G.

Interpretation of the remaining unexplained line widths 
for the aquo vanadyl ion, 3.0 G in 1 M NaC104 and 0.5 G in 
0.01 M HC1 solutions, is not obvious. Other authors7,10 have 
considered, and rejected, several line broadening mecha
nisms. Before searching for another mechanism, however, it 
is well to remember that, because of the uncertainties in Ag 
and other possible systematic errors in the data analysis,13 
there may be no effect to explain.

Unresolved Hyperfine Structure in the Basic Solution 
Spectrum. The large residual width found for the basic so
lution spectra prompted an examination of vanadium(IV) 
in 0.1 M NaOH in D2O. The ambient temperature results 
for seven independent spectra are summarized in Table IV. 
The parameters may be analyzed as before to give a" = 1.9 
G and a — a' — a" = 0.9 G. This may be compared with the 
intercept in Figure 2 of 7.6 G. Thus the residual line width 
is reduced by 6.5 G on eliminating the possibility of unre
solved proton hyperfine structure.

In an attempt to estimate the proton coupling constant 
required to produce an average broadening of 6.5 G, line

deviations;
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shape simulations similar to those described above were 
carried out, assuming five interacting protons. It was found 
that an average proton coupling of about 4.5 G is required 
to produce the observed broadening. The protons must be 
inequivalent, however; resolution of a 1:5:10:10:5:1 pattern 
would be expected On the narrower vanadium hyperfine 
lines for a proton splitting greater than about 4 G.

A large proton hyperfine coupling in V0 (0 H)3(H20)2_ 
may be rationalized by several lines of argument. Because 
of the overall negative charge of the complex, the dx>. vana
dium orbital, which contains the odd electron, is probably 
somewhat, more diffuse than in the aquo ion. This effect 
would be expected to lead both to a smaller vanadium hy
perfine coupling, as is observed, and to a larger coupling of 
the ligand protons. Furthermore, the equatorial V -0  bonds 
in the trihydroxo anion appear to be somewhat more cova
lent than the corresponding bonds in the aquo ion;2 if they 
are thus »lightly shorter, the ligand protons are placed in a 
region of higher spin density. Finally, there may be a quali
tatively different conformation for a hydroxo ligand than 
for a coordinated water molecule which increases the over
lap of the dxv orbital the hydrogen Is orbitals.

NMR experiments are now in progress which may give a 
more' direct measure of the magnitude of the hyperfine 
coupling constant.
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Very Low-Pressure Pyrolysis of Alkyl Cyanides. III. ferf-Butyl Cyanide. 
Effect of the Cyano Group on Bond Dissociation Energies and Reactivity1
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The unimolecular decomposition of feri-butyl cyanide has been investigated over the temperature range 
1023-1254 K using the technique of very low-pressure pyrolysis (VLPP). The reaction proceeds via the 
competing pathways of C-C bond fission and HCN elimination, with the former accounting for >95% of 
the overall decomposition. Taking into account the mutual interaction of the two pathways in the falloff 
region, application of unimolecular reaction rate theory shows that the experimental rate constants are 
consistent with high-pressure Arrhenius parameters given by log (ku s~*) = (15.9 ±  0.3) — (74.9 ±  1.6)/6 
for bond fission, and log (k2, s-1) = (14.1 ±  0.3) -  (74.1 ±  1.6)/0 for HCN elimination, where 0 = 2.303RT 
kcal/mol. The activation energy for C-C fission leads to DH°[(CH3)2C(CN)—CH3] = 74.7 ±  1.6, 
AHf°((CH3)2CCN,g] = 39.8 ± 2.0, and DH°[(CH3)2C(CN)-H] = 86.5 ± 2.0, all in kcal/mol at 298 K. The 
stabilization energy of the a-cyanoisopropyl radical has been found to be 5.5 ±  2.2 kcal/mol. This is in ex
cellent agreement with values which we have determined previously for the cyanomethyl and a-cyanoethyl 
radicals. The results of this work and previous studies are included in a discussion on the effect of the CN 
group on bond dissociation energies and reactivity. Revised values of the contributions of the [C-
(H)2(CN)], [C-(H)(C)(CN)], and [C-(C)2(CN)| groups to the heat of formation of free radicals are calculat
ed.

Introduction
Recently we have shown from very low-pressure pyroly

sis (VLPP) experiments that isopropyl cyanide,2 n-propyl 
cyanide,3 and isobutyl cyanide3 decompose mainly (>90%) 
via C-C bond fission adjacent to the CN group. HCN elimi
nation is a minor process. These observations suggest that 
ferf-hutyl cyanide (TBCN) should also decompose pre
dominantly via C-C fission but HCN elimination should be 
more readily observable than in the case of the primary and 
secondary compounds.

Previous work on the pyrolysis of TBCN has been car
ried out by Hunt, Kerr, and Trotman-Dickenson4 (HKT), 
and Dastoor and Emovon3 (DE). HKT, using the aniline- 
carrier technique over the temperature range 875-925 K, 
obtained results which were indicative of C-C fission. How
ever, the Arrhenius A factor is low in comparison with the 
estimates for other alkyl cyanides2'3 and the activation en
ergy yields a value of 10.6 kcal/mol6 for the cyano stabiliza
tion energy which is significantly higher than recent deter- 
minations.2'3,7'8 In marked contrast, DE, using a conven
tional flow system, found that TBCN decomposes via HCN 
elimination over the temperature range 838-927 K. The re
action appeared to be homogeneous and molecular, and DE 
suggested that it is a four-center elimination similar to HX 
elimination from alkyl halides.9 If this is the case, however, 
then the reported A factor (1012-2 s-1) is much too low for 
this type of reaction and the activation energies found by 
DE for the series C2H5CN, /-C3H7CN, i-C,tH9CN, do not 
show any trend with a-methyl substitution. Free radical 
chain processes could make a significant contribution to 
the rate of HCN elimination under DE’s experimental con
ditions (cf. isopropyl cyanide2).

In this paper we describe an investigation of the VLPP 
of TBCN as part of our continuing studies of the thermal 
unimolecular reactions of organic cyanides. A significant 
advantage of the VLPP technique is that secondary bi- 
molecular reactions can be eliminated.

Our previous studies2'3 have yielded values for the heats 
of formation and stabilization energies of the cyanomethyl 
and a-cyanoethyl radicals. The results of this work lead to 
values for these quantities for the a-cyanoisopropyl radical. 
Our accumulated kinetic data on primary, secondary, and 
tertiary alkyl cyanides allow general conclusions to be 
drawn about the effect of the CN group on bond dissocia
tion energies and reactivity.

Experimental Section
TBCN (Koch-Light) and methyl vinyl cyanide (East

man) were degassed and vacuum distilled bulb-to-bulb. 
Isobutene (Matheson, CP) was degassed, and argon (C.I.G., 
high-purity dry) was used directly as an internal standard. 
The gases were used to calibrate the system by determining 
mass-spectral peak intensity ratios for known mixtures of 
product and reactant.

The application of the VLPP technique to unimolecular 
reactions has been discussed previously,10'11 and the exper
imental system used in this work has been described in de
tail.8

Results
The expected reactions are

(CH3)3CCN -  (CH3)2CCN + CH3 (1 )

(CH3)3CCN -  (CH3)2CCH2 + HCN (2)

RRK calculations12 show that under VLPP conditions all 
the cyanoisopropyl radicals will decompose via H atom loss 
to form methyl vinyl cyanide (MVCN).

(CH3)2CCN -  CH3(CN)CCH2 + H (3)

The product mass spectrum confirmed these expectations.
The disappearance of TBCN was monitored at m/e = 42 

amu (fragment peak) using argon (m/e = 40 amu) as an in
ternal standard. C-C fission was followed by monitoring
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TABLE I: VLPP Data for TBCN (Z = 19 550, 
flow rate = 2.6 X 1014 molecules/s)

% decomposition

Temp,
K

TBCN
decay

MVCN
forma

tion

¡-C4Hse
forma

tion
ûni» s_1

MVCN <-C4H8
1023« 10.8 11.9 0.093
1023 14.6 10.7 0.083
10246 12.4 10.9 0.084
1036« 15.1 15.8 0.133
1044 21.1 17.8 0.152
1044b 20.2 17.8 0.150
1044« 18.5 19.7 0.172
1056« 24.4 24.7 0.233
1058 27.6 23.7 0.221
1062« 28.0 28.1 0.277
10736 34.1 31.7 0.33
1076 36.9 33.2 0.36
1078« 36.9 36.0 0.41
1084« 40.8 39.3 0.47
1095 48.2 43.5 0.56
1104« 52.6 49.8 2.2 0.73 0.032
11136 58.0 55.1 1.5 0.90 0.025
1114 58.1 55.8 2.2 0.94 0.037
1123« 64.0 59.8 2.3 1.12 0.043
113.36 67.9 65.3 1.6 1.41 0.034
1135 67.8 64.6 2.3 1.40 0.051
1148 73.1 71.1 2.5 1.93 0.067
1155 76.2 73.2 2.4 2.17 0.072
1167 79.7 77.7 2.S 2.82 0.083
1177 82.5 81.0 2.S 3.5 0.100
1177d 83.4 81.1 2.3 3.6 0.100
1188d 85.4 84.1 2.1 4.5 0.113

« Flow rate = 2.8 X 1015 molecules/s. 6 Flow rate = 8.3 X
1014 molecules/s. « Flow rate = 3.8 X 10 '5 molecules/s. 
d Flow rate = 1.9 X 10'5 molecules/s. e Isobutene formation 
at temperatures below 1104 K was too small to be of quan
titative significance.

MVCN at m/e = 67 amu (parent peak) while HCN elimi
nation was followed by isobutene formation at m/e = 56 
amu (parent peak). The results fcr each reactor aperture 
setting over the temperature range 1023-1254 K are pre
sented in Tables I—III. The percentages of the decomposi
tion based on reactant disappearance show good agreement 
with calculations based on the formation of products. Bond 
fission is clearly the major reaction; the yield of isobutene 
accounts for only ca. 3% of the overall decomposition.

kUm does not exhibit a dependence on aperture size or 
flow rate (in the range where the gas-gas collision frequen
cy is smaller than the gas-wall collision frequency). These 
observations confirm the unimoleeularity of the reactions 
studied.8'11

The VLPP technique yields a low-pressure rate constant 
k uni which can be related to the high-pressure rate constant 
km by means of RRK(M) theory.13 Furthermore, when a 
reactant decomposes via competing unimolecular paths in 
the falloff region energized molecules are depleted by all 
reaction paths and each path feels the effect of the drain on 
energized molecules of other paths. We take into account 
this interaction by using the RRK/2 method.10

We have outlined previously2 an appropriate transition- 
state model for C2-C 3 fission in alkyl cyanides and its ap
plication to TBCN yields A „,(1100 K) = 1015-4 s_1 per path 
or 1015-9 s_1 overall, which is in agreement with the values 
for other alkyl cyanides.2’3 A four-center cyclic transition 
state was assumed for HCN elimination and the A factor 
was estimated according to the procedure of O’Neal and

TABLE II: VLPP Data for TBCN (Z =2140, flow rate = 
3 X 10' 5 molecules/s)

Temp,
K

% decompositi
MVCN 

TBCN forma- 
decay tion

on
i-C4HB
forma

tion
ûni» s

MVCN Z-C4Hs

1095« 9.6 10.3 0.73
1104 10.1 12.0 0.88
1106« 12.8 12.4 0.91
1119« 17.0 16.2 1.25
1122 17.4 18.6 1.48
1124 17.9 19.4 1.56
1135« 23.1 21.4 1.77
1141 24.8 25.6 2.26
11456 24.4 25.5 2.24
11556 28.5 29.7 2.80
1165 36.3 35.6 3.7
1174« 39.0 37.2 0.9 4.0 0.093
11756 37.4 38.4 1.2 4.2 0.126
11856 41.8 42.4 1.2 5.0 0.138
1188 46.7 45.4 1.2 5.7 0.176
1192« 48.1 45.7 0.9 5.7 0.117
11976 48.0 47.7 1.3 6.2 0.167
1202 52.7 51.7 1.4 7.4 0.228
1213« 55.7 54.3 1.5 8.2 0.221
1213« 56.9 55.2 1.1 8.4 0.164
1213d 58.3 54.7 1.4 8.3 0.21412146 55.2 55.0 1.4 8.4 0.207
1225 62.5 61.3 1.6 11.2 0.32
1233* 62.6 62.8 1.5 11.9 0.28
1246 69.3 68.5 1.8 15.6 0.40
12536 69.3 69.7 1.6 16.5 0.38
1253« 70.3 69.0 1.7 16.0 0.39

« Flow rate = 9.9 x 1014 molecules/s. b Flow rate = 1.5 X
10ls molecules/s. « Flow rate = 6.2 X 1015 molecules/s.
d Flow rate = 1.1 x 1016 molecules/s.

TABLE III: VLPP Data for TBCN (Z = 246, flow rate = 
1—2 X 10 '5 molecules/s)

Temp, K

% decomposition
TBCN MVCN 
decay formation k • & C —1 K uni» s

1174« 7.6 9.7 4.6
1174* 8.6 10.0 5.0
1186 8.1 12.2 5.5
1194« 12.8 13.8 7.5
1195 14.4 14.4 8.2
1203 12.7 15.6 8.1
1215* 17.3 19.0 10.9
1216 16.5 19.3 10.8
1217« 17.1 18.4 10.8
1217 19.9 19.1 12.0
1217« 18.0 19.8 11.6
1225« 19.5 20.5 12.5
1233 21.5 23.3 14.4
1233« 22.7 23.9 15.1
1241* 24.2 26.4 16.9
1241 28.1 25.9 18.5
124 5d 25.8 27.2 18.1
1254«>d 29.1 29.9 21.1

« Flow rate = 5 X 1015 molecules/s. * Flow rate = 1.5 X 
1016 molecules/s. « Flow rate = 4.9 X 1014 molecules/s. 
d Isobutene was detected; fcunj — 0.50 s- '. e Average.

Benson14,15 to be 1014 1 s-1 at 1100 K or 1013-9 s_1 at 600 K, 
which is similar to the values for HX elimination from tert- 
butyl halides.9,10

Details of the frequency assignments for the molecule 
and the activated complexes are given in the Appendix.
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Figure 1. kuni as a function of T for the decomposition of fert-butyl 
cyanide.

The experimental data are compared with theory 
(RRKM, RRK, RRK/2) in Figure 1. It can be seen that for 
the major process of C-C fission, RRK and RRK/2 calcula
tions give identical results, and, as expected,16 RRKM cal
culations are little different. However interaction of the 
concurrent reaction paths in the falloff region results in the 
rate constants for HCN elimination being lower by a factor 
of ~5 than the values predicted on the basis of no interac
tion.

The estimated A factors used herein are probably accu
rate to ca. 10±0-3 s_1. Changes in Aa, of this amount account 
for changes in E„ of ca. ±1 kcal/mol in order to refit the 
data. The spread in the measured rate constants allows for 
further errors of ca. ±0.6 kcal/mol. Thus the data are in ac
cord with high-pressure rate constants given by log &i(1100 
K) = (15.9 ±  0.3) -  (74.9 ±  1.6)/0 and log fc2(1100 K) = 
(14.1 ±  0.3) — (74.1 ± 1.6)/0 where k is in s_1.

Discussion
The experimental evidence clearly indicates that TBCN 

decomposes via the primary processes of C-C bond fission 
and HCN elimination, with the former being the major re
action by a substantial factor. These findings are in accord 
with predictions based on our previous work on the VLPP 
of primary and secondary alkyl cyanides.2’3

HKT reported log (fe, s-1) = 15.2 — 70.2/6 for C-C fission 
but, as mentioned earlier, both A and E appear to be too 
low. If the rate constant at the mid temperature of their 
study is combined with our predicted A factor then E =

103 /  T ( °K)

Figure 2. Arrhenius plot for the decomposition of fert-butyl cyanide:
(-------) and (------- ) parameters from this work; the data points are
from ref 4 and 5.

72.6 kcal/mol which is quite close to our determination. 
Figure 2 shows the comparison between our values and the 
experimental data of HKT.

The bond fission activation energy leads to /\H°29s —
74.7 ±  1.6 kcal/mol,17 which is equivalent to the C-C bond 
dissociation energy. Combining this value with known ther
mochemical data (Table IV) yields A //r-°298[(CH3)2CCN,g] 
= 39.8 ±  2.0 kcal/mol. Since the heats of formation of H 
(52.1 kcal/mol)14 and isopropyl cyanide (5.4 kcal/mol)19 are 
known we can thus calculate DH°298[(CH3)2C(CN)-H] =
86.5 ±  2.0 kcal/mol.

It is well known that the formation of a radical center ad
jacent to a 7t bond may be accompanied by resonance stabi
lization due to simple delocalization the unpaired electron. 
The contributing canonical forms of the a-cyanoisopropyl 
radical are

(CH3)2C—C = N ~  (CH3)2C = C = N  
i ii

It has been demonstrated22 that recombination of a-cy- 
anoisopropyl radicals leads to the keteneimine dimer as 
well as the expected tetramethylsuccinonitrile. Evidence 
for the existence of the two forms of the radical has also 
been obtained from electron spin resonance studies.23 
Based on the definition of radical stabilization energy,24 a 
value of 5.5 ±  2.2 kcal/mol may be derived for the a - c y -  

anoisopropyl radical by comparing DH°[(CHa)2C(CN)-H] 
with-the tertiary C-H bond energy in 2-methylpropane (92 
±  1 kcal/mol).25 This value is within experimental error of 
both cyanomethyl radical (5.1 ±  2.6 kcal/mol)3 and a-cy- 
anoethyl radical (5.1 ±  2.5 kcal/mol).2 Values of 6-7.3 kcal/ 
mol for the radical stabilization energy of a cyano group 
have been obtained from the kinetics of pyrolysis of cyano- 
substituted small ring compounds.7’8’26 It should be real-
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TABLE IV: Thermochemical Data

Species

AHf 
(298 K), 

kcal/ 
mol

o°u 298»
cal
K- 1

mol" 1

c p°, cal K 1 mol--1

300 500 800 1000

f-C4H9CNa —0.8* 79.6 28.2 40.0 54.0 60.0
CH3c 34.1 46.4 8.3 10.1 12.6 14.0
(CH3)2CCNc d 75.8 21.2 29.1 39.0 43.5
/-C4H,e -4 .0 70.3 21.4 31.2 41.9 46.9
HCN/ 32.3 48.2 8.6 10.0 11.3 12.2

a Reference 18. b Reference 19. c Reference 20. d See Dis-
cussion. e Reference 21. /  JANAF Thermochemical Tables, 
Natl. Stand. Ref. Data Ser., Natl. Bur. Stand., No. 37 
(1970).

ized, however, that these values all refer to the stabilization 
energy relative to a hydrogen atom, i.e., the activation ener
gy for decomposition of the substituted compound was 
compared with that for the parent hydrocarbon. It is more 
appropriate, however, to make the comparison with respect 
to the corresponding alkyl substituent. Such a comparison 
is, by definition,24 already included in the values for the 
cyanoalkyl radicals. On. this basis, the corrected values27 
are 5.0 kcal/mol from the pyrolysis of cyclopropyl cyani
de,7® 5.1 kcal/mol from the pyrolysis of cyclobutyl cyanide,8 
and 4.7 kcal/mol from the pyrolysis of 1,4-dicyanobicyclo- 
[2.2.0] hexane.26 The agreement with the values for the 
cyanoalkyl radicals is excellent.

In terms of valence bond theory, the stabilization energy 
is a function of the number of canonical forms of similar 
energy which can contribute to the hybrid structure. The 
relative thermodynamic stabilities of i and ii may be deter
mined from a comparison of the C = N  ir-bond energy in 
the cyanide with the C=C x-bond energy in the keteneim- 
ine. Insufficient data are available for the calculation of 
these energies but we have shown previously2 that the for
mer should be significantly greater than the latter. Thus 
the stabilization energies of cyanoalkyl radicals are less 
than those of the corresponding allvlic radicals25 since the 
contributing forms of the latter have very similar stabili
ties.

It has been shown that methyl substitution increases the 
stabilization energy of the allyl radical by ~3 kcal/mol per 
group28 and a similar value has been found for the acetonyl 
radical.29 It has been suggested that this is due to an induc
tive effect.25 29 Our results suggest that a-methyl substitu
tion does not lead to any significant variation in the cyano 
stabilization energy. However, any small effect could be 
masked by the anticipated error limits in the measured sta
bilization energies.

Our accumulated data on a-cyanoalkyl radicals show 
that the effect of replacing a methyl group in an alkyl radi
cal by a cyano group is to increase the heat of formation by 
~32 kcal/mol (see Table V). Group additivity methods 
have been demonstrated to apply to the estimation of ther
mochemical properties of free radicals and O’Neal and 
Benson20 have estimated heat of formation contributions of 
the groups [C-(H)2(CN)], [C-lH)(C)(CN)], and [C-
(C)2(CN)] based on radical stabilization energies of 10.8-
12.6 kcal/mol. These estimates clearly need revision and 
the values derived from our results are [C-(H)2(CN)] =
58.5, [C—(H)(C)(CN)] = 60.2, and [C-(C)2(CN)] = 60.0 
kcal/mol.

In Table VI are compared C-H and C-C bond dissocia
tion energies for alkanes and alkyl cyanides. Inspection of 
the results shows that CN substitution decreases the adja-
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TABLE V : Effect of CN Substitution on Free Radical 
Heat of Formation0

Radical R = CH3ö CNc A<*
CH,R 25.9 ± 1.3 58.5 ± 2.2 32.6 ± 2.6
CHjCHR 18.2 ± 1.5 50.1 ± 2.3 31.9 ± 2.7
(CH3),CR 7.6 ± 1.2 39.8 ± 2.0 32.2 ± 2.3
a All values in kcal/mol. b Reference 25. c This work and 

ref 2 and 3. d Difference.

TABLE VI: Effect of CN Substitution on Bond 
Dissociation Energies12

Bond R = CH3* CNc Ad

H—CH,R 98 ± 1 ~93 ~ 5
CH3-CH 2R 85 ± 1.5 80.3 ± 2.5 4.5 ± 2.9
c 2h 5- c h 2r 82 ± 1.5 76.9 ± 1.7 5.1 ± 2.3
¡-c 3h , - c h 2r 80 ± 1.5 73.5 ± 1.7 6.5 ± 2.3
H-CH(CH3)R 95 ± 1 89.9 ± 2.3 5.1 ± 2.5
CH3-CH(CH3)R 84 ± 1.5 78.8 ± 2.0 5.2 ± 2.5
H-C(CH3)R 92 ± 1 86.5 ± 2.0 5.5 ± 2.2
CH3-C(CH3)2R 80 ± 1.5 74.7 ± 1.6 5.3 ± 2.2

a All values in kcal/mol. b References 14 and 25. c This 
work and ref 2 and 3. d Difference.

cent bond energy consistently by an average of ~5.3 kcal/ 
mol. This is a consequence of the cyano stabilization energy 
and it confirms the findings of Rogers, Wu, and Kuitu,24 
who have shown that the x-delocalization energy for free 
radicals is a property of the radical and invariant to 
changes in the bond being broken.

The heat of formation of the a-cvanoisopropyl radical 
may be combined with Afff°(MVCN) = 34.1 kcal/mol30 to 
yield AH' ° = 46.4 kcal/mol for the enthalpy of its decom
position to MVCN. This latter value may be used to derive 
DH„°[CH2=C (C H 3)CN] = 51.6 kcal/mol if it is assumed 
that DH°[/3C-H] in the radical is equivalent to 
DH°[(CH3)2CHCH2-H] = 98 kcal/mol. This x-bond energy 
is very close to our previous determination2 of 53 kcal/mol 
for DH,°(CH2=CHCN). The effect of the CN group on 
D H ,°(C =C )31 is about the same as its effect on C-C and 
C-H bond energies. These results suggest that the experi
mental activation energies for the cis-trans isomerizations 
of crotonitrile32 and /3-cyanostyrene33 are in serious error.

The Arrhenius parameters for HCN elimination may be 
compared with log (k, s-1) = 12.2 — 63.69/0 determined by 
DE. As mentioned previously, DE’s A factor is clearly too 
low for a four-center molecular elimination but combina
tion of the reported rate constant at the mid temperature 
of their study with our predicted A factor gives E = 72.4 
kcal/mol which is reasonably close to our value. Figure 2 
shows the comparison between our values and the experi
mental data of DE. Both our work and that of HKT clearly 
indicate that HCN elimination cannot compete with C-C 
bond fission over the temperature range of DE’s study. We 
have suggested and confirmed experimentally that free 
radical chain processes make a significant contribution to 
HCN formation in the “ high-pressure” pyrolysis of isopro
pyl cyanide.2 A chain contribution to the rate of HCN elim
ination from TBCN under DE’s experimental conditions 
seems very likely. (C-C fission, followed by decomposition 
of the «-cyanoisopropyl radical (reaction 3), can lead to H- 
atom chains.)

The activation energies for HCN elimination may be cal
culated theoretically by using the Benson-Haugen34 (BH) 
semiion pair theory, or its modification developed by
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TABLE VII: Comparison of Theoretical and Experimental 
Activation Energies for HCN Elimination

E(298 K), kcal/mol
BH° TMJ* Exptl

C2HsCN 78.4 79.0 c
rc-C3H,CN 76.0 74.8 >75.7
i-C3H7CN 73.1 78.6 75.3
£-C„H9CN 63.0 73.6 73.6

° Semiion pair model o f Benson and Haugen.34 * Modified 
semiion pair model of Tschuikow-Roux, Maltman, and 
Jung.35 c We have not been able to observe HCN elimina
tion from ethyl cyanide under VLPP conditions at temper
atures up to ca. 1150 K. We have estimated E ~ 82 kcal/ 
mol.3

Tschuikow-Roux, Maltman, and Jung35 (TMJ), to evaluate 
the activation energies for the four-center addition of HCN 
to olefins, and then adding the endothermicity of the elimi
nation reaction. The results of these calculations (see Ap
pendix) are presented in Table VII. The agreement be
tween theory and experiment is good except in the case of 
the BH calculation for TBCN. However this model, in 
which we have treated the HCN molecule as a pseudodia- 
tomic with bond length equal to the H-N distance, is very 
sensitive to the choice of parameters for the transition 
state.36 If the H-C bond is considered to be the reacting 
part of the HCN molecule then the calculated activation 
energies are ~13.5 kcal/mol lower than the values listed in 
Table VII. Similar difficulties are not encountered with the 
TMJ model since the only information required for the cal
culation are the values of the bond energies of the partici
pating bonds, and their single-bond lengths, i.e., ground- 
state properties of reactants and products. However, it 
does require known Arrhenius parameters for one or more 
calibration reactions in any homologous series in order to 
fix certain constants and in view of the limited experimen
tal data the model may not be as good as the results tend to 
suggest. The predicted energy difference between Markov- 
nikov and anti-Markovnikov addition of HCN is in the 
wrong direction.

It is of interest to compare the Arrhenius parameters for 
HCN elimination with those for HX elimination from alkyl 
halides (see Table VIII). HCN elimination is considerably 
slower than dehydrohalogenation and the effect of «-meth
yl substitution is very much reduced compared with the ha
lides. Maccoll37 has suggested that the kinetic data for the 
alkyl halides points to heterolysis of the carbon-halogen 
bond as the rate-determining stage and he has shown that 
the activation energy for dehydrohalogenation correlates 
with the heterolytic bond dissociation energy, D(R+X - ). 
We estimate38 that D(R+CN~) is about the same as 
Z)(R+F- ) yet the activation energies for elimination differ 
by ca. 20 kcal/mol. The evidence suggests that the “ degree 
of heterolysis” 39 of the R-CN bond is very small. This is 
further substantiated by the data in Table IX which com
pares the Arrhenius parameters for HX elimination from a 
series of tert- butyl compounds. The activation energy for 
HCN elimination is almost as large as that for the orbital 
symmetry-forbidden, 1,2-H2 elimination. The transition 
state for HCN elimination must be essentially homolytic in 
character.

There appears to be other evidence in favor of a high- 
energy barrier to HCN elimination. Maccoll37 has shown 
that there is an analogy between the gas-phase dehydrohal
ogenation of alkyl halides and the reactions of elimination

TABLE VIII: Arrhenius Parameters0 for HX Elimination 
from Alkyl Halides* and Cyanides

Compound logAc I Br , . Cl F° CN /
C2H5X 13.3 50.6 53.5 ’ .56.5 59.9
n-C3H7X 13.2 48.4^ 51.5 54.2 58.3 >76.5
¿-c 3h 7x 13.7 45.0 47.8 51.2 53.9 75.7
f-C„H9X 13.8 38.4 41.8 45.2 51.5 73.8
a A in s-1 and E in kcal/mol. * Except as otherwise indi

cated, values are from O’Neal and Benson.15 c These are the 
A factors estimated according to the method o f O’Neal 
and Benson.15 The experimental value for each compound 
may differ slightly but the deviation is not significant for 
the purposes of this comparison. d Reference 10. e P. Cad- 
man, M. Day, and A. F. Trotman-Dickenson, J. Chem. Soc. 
A, 2498 (1970); 248 (1971). /  VLPP results; values refer to 
600 K.

TABLE IX: Arrhenius Parameters for HX Elimination 
from ferf-Butyl Compounds0

—X log(A ,s~ ') E, kcal/mol
-H * -13 .5 >77
—CNC 13.9 73.8
—NH2 14.2 67.0
-O H 13.4 61.6
—OCH<* 13.9 59.0
-S H 13.3 55.0
—pe 13.4 51.5
-C l 13.8 45.2
-B r 13.8 41.8
—NCS/ 13.0 39.5
- I 13.8 38.4

0 Except as otherwise indicated, values are from the com
pilations of O’Neal and Benson.6’ 15 * Estimates; see Z. B. 
Alfassi, D. M. Golden, and S. W. Benson, Int. J. Chem. 
Kinet., 5, 991 (1973). c This work. d K. Y. Choo, D. M. 
Golden, and S. W. Benson, Int. J. Chem. Kinet.. 6 , 631 
(1974). e P. Cadman, M. Day, and A. F. Trotman-Dicken
son, J. Chem. Soc. A, 248 (1971). / N. Barroeta, A. Maccoll, 
and A. Fava, J. Chem. Soc. B, 347 (1969).

and substitution of the corresponding compounds by the 
El or Sn I mechanism in polar solvents. Thus it is notewor
thy that in solution CN_ is a very sluggish leaving group 
and HCN elimination seems only to occur via the ElcB 
mechanism from polycyano compounds.40 Gale and Cher- 
kofsky41 found that dehydrocyanation occurs in the gas 
phase but only at moderately high temperatures (ca. 200 
°C) and in the presence of solid, granular base. A carbanion 
mechanism appears to be operative and dehydrochlorina
tion under the same conditions was found to be very much 
faster.

There is the possibility of a five-membered ring transi
tion-state involving interaction of a ft hydrogen with the 
cyano-nitrogen atom; the charge distribution within the 
cyano group42 would facilitate such a process. This would 
mean a lower A factor than for a four-center reaction. How
ever, an examination of stereomodels shows that this tran
sition state would require a considerable reduction in the 
C -C =N  angle from its ground state value of 180°; the en
ergy requirements may be too large. Furthermore, the tran
sition state seems inappropriate when the reaction is 
viewed from the reverse, addition direction.43
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TABLE X: Molecular Parameters for TBCN Pyrolysis

Molecule
Complex

(C-C)
Complex
(-HCN)

Frequencies (cm-1) ,' 2950 (9) 2950 (9) 2950(8)
and degeneracies S255 (1 ) 2255 (1) 2230(2)

Í4 4 0 (9) 1440(9) 1440(9)
1125(3) 1 1 2 0 (2) 1300 (1)
935(2) 935 (1) 1070(2)
869 (2) 859(2) 935 (1)
753 (2) 738 (1) 869(2)
561 (3) 579 (2) 787 (2)
371(3) 376 (2) 553(2)
255 (2) 299 (3) 463 (1)
2 2 0 (2 ) 251(3) 366(4)
175(1) 158 (1 ) 260 (2 )

108 (1 ) 176 (1)
140 (1)

la IB^C’ (8 cm2)3 x 1.70 3.55 3.77
1 0 " 3

/ r, (gem2) x 1040 5.42«
Sigma* 3.0 1.0 1.0
Collision diam- 6.3C

eter, A
S°00, cal K- ' mol- ' 79.6 89.7 82.7

« Using internal symmetry = “ foldness” of the rotor = 3. 
b Sigma = 0/n, where a is the symmetry number for external 
rotation and n is the number o f optical isomers. c Assumed 
equal to that for n-butyl cyanide: S. C. Chan, J. T. Bryant,
L. D. Spicer, and B. S. Rabinovitch, J. Phys. Chem., 74, 
2058 (1970).
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Appendix
Molecular and Activated Complex Models. Frequency 

assignments for the molecule were based on the results of 
Westrum and Ribner,18 and Durig, Craven, and Bragin.44 
The moments of inertia, which were calculated using nor
mal bond lengths and angles, agree with the results of Nu
gent, Mann, and Lide.45 The calculated molecular entropy 
at 300 K is in agreement with that determined by Westrum 
and Ribner.

The activated complex models were constructed accord
ing to the procedure outlined in ref 2.

The frequency assignments and parameters are summa
rized in Table X.

Activation Energies for HCN Elimination. We have out
lined previously2 our application of the BH model to iso
propyl cyanide. Values of 68.1 kcal/mol for the energy nec
essary to polarize the HCN molecule, 21.7 kcal/mol for the 
equilibrium electrostatic interaction energy of the dipoles, 
and 16.4 kcal/mol for the ground state polarization energy 
of HCN were calculated on the basis of a pseudodiatomic 
with bond length equal to the H-N distance in the mole
cule. These values may be combined with the polarization 
energy of the olefin double bond34 to yield an activation en
ergy for the addition reaction. Inclusion of the thermal en
ergy content of the reactants upon activation and the en- 
dothermicity46 of the appropriate reaction results in the ac
tivation energies listed in Table VII. If H-C is considered 
to be the reacting bond in HCN then values of 108.8 kcal/ 
mol for the energy necessary to polarize this bond, 10.8 
kcal/mol for the equilibrium electrostatic interaction ener

gy of the dipoles, and 81.5 kcal/mol for the ground state po
larization energy may be calculated.47 These results lead to 
HCN elimination activation energies of 64.9, 62.5, 59.6, and
49.9 kcal/mol for ethyl cyanide, n-propyl cyanide, isopropyl 
cyanide, and tert-butyl cyanide, respectively.

The TMJ model combines the basic concepts of the BH 
model with the bond-energy-bond-order concepts of John
ston.49 The energy contributions to the activation process 
depend only on ground-state properties of reactants and 
products. The data required are the dissociation energies of 
the participating bonds and their single-bond lengths. The 
bond dissociation energy of HCN (123.8 kcal/mol) and the 
C-CN bond energies were calculated from thermochemical 
data,50 the C-H bond energies were taken from re: 25, and 
our experimental bond energies were used for the C2-C 3 
bonds in the alkyl cyanides. Single-bond lengths were 
taken from standard tables.48

We disagree with some of the bond energy data used by 
TMJ to evaluate the constant 0 in their equation

V  = V  -  d(Px°‘ -  Pxe)
where ¿xo1 is the partial formal charge separation for the re
action olefin + HX and p xo1 is the value of the p factor for 
the C-C bond in this reaction. 6xe and p xe are the corre
sponding values for the reaction ethylene + HX. TMJ de
termined rtxe and 3 by trial and error fitting to experimental 
data. It is fortunate, however, that for the cyanides p /  and 
p xo! are almost equal and therefore the value of 8 is of little 
consequence. Thus since ¿xo1 — ¿xe we have used the reac
tion isobutene + HCN —*■ TBCN as the standard for the 
evaluation of 5X; the value obtained is 0.1862. The interior 
angle, <p 1, of the convex quadrilateral representing the ge
ometry of the four-center transition state35 was found to be 
69°.
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25Mg NMR spectra have been determined by the Fourier transform method as a function of concentration 
for aqueous solutions of Mg(C104)2, Mg(N03)2, MgBr2, MgCl2, and MgS04. The line width data are dis
cussed in terms of four models for quadrupolar nuclear spin relaxation in these systems. For MgCl2 and 
MgS04 the line width variations cannot be accounted for in terms of variations of viscosity.

1. Introduction

Although Mg2+ and its complexes play vital roles in a va
riety of chemical systems, including some of great biologi
cal importance, direct physical (e.g., spectroscopic) probes 
of the environment of Mg(II) in solution have largely been 
lacking. As with other group 1 or group 2 metal ions in their 
stable oxidation states, such techniques as visible-uv spec
troscopy are generally not very useful, and such techniques 
as EPR are, of course, not applicable.

For some of the alkali metal ions, the direct observation 
of the metal nuclide resonance has proved to be useful,1 
especially for 7Li and 23Na. Studies of both line widths and 
chemical shifts of these nuclides have proved fruitful for 
exploring the detailed nature of the cations in solution, and 
have not required sophisticated techniques for detection,

because of favorable NMR properties (e.g., high natural 
abundance). A priori, 25Mg NMR appears far less promis
ing, because this spin % nuclide has a natural abundance of 
only 10% and an intrinsic NMR sensitivity (per nucleus) 
that is one to two orders of magnitude smaller than those of 
23Na or 7Li. Nevertheless, because of the genuine need for 
good Mg(II) probes, 25Mg appears worth exploring, espe
cially in the light of recent advances in multinuclide Fouri
er transform NMR techniques.2̂ 1

The few previous studies of 25Mg NMR were largely ex
ploratory and were based upon earlier techniques.5-8 In 
general, they suffered from a lack of instrumental sensitivi
ty. Nevertheless, these exploratory studies demonstrated 
the ability of 25Mg NMR to sense complexation. The 
present paper, summarizing the first reported attempt to 
apply Fourier transform techniques to 23Mg NMR, reports
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our results on 25Mg NMR studies of aqueous Mg(II) elec
trolytes. With this technique it was possible to study solu
tions conveniently at concentrations as low as 0.05 m. 
Using currently available technology, it should be possible 
to study samples that are about 0.002 M in natural-abun
dance Mg2+ in 12 h experiments. This points to a potential 
for BMg NMR in studies of biological systems, although 
proper account must be taken of the effect of complexation 
with large molecules in making such an assessment.8

2. Experimental Section
a. Measurements. 25Mg NMR spectra were obtained in 

natural abundance at 5.51 MHz using the modified Bruker 
spectrometer and Digilab data system described earlier.4 
Ten-mm spinning sample tubes were used throughout 
these studies. Field/frequency lock was maintained by 
locking on the 19F resonance of perfluorobenzene contained 
in a 1 -mm capillary centered within the 10-mm tubes. Sam
ple temperature in all cases was 295.5 ±  0.3 K. Line widths 
were measured as the full width at half-height and reported 
as the average of at least four determinations.

Bulk susceptibility corrections to the chemical shifts 
were estimated by measuring (on a JEOL MH-100 spec
trometer) the apparent shift differences between the 
methyMH resonances of 3-(trimethylsilyl)propanesulfon- 
ate (sodium salt) dissolved in the sample and the 'H  reso
nance of tetramethylsilane contained in a 1 -mm capillary 
centered concentrically within the 5-mm NMR tube used 
for the measurements.

Viscosities were measured at 295.5 ±  0.2 K in a constant 
temperature water bath using Ostwald-type viscometers 
calibrated with distilled water and absolute ethanol. The 
average of at least four flow times was used to calculate the 
viscosities.

b. Materials. Magnesium nitrate, magnesium chloride, 
and anhydrous magnesium perchlorate were obtained as 
Fisher Reagent grade chemicals. Anhydrous magnesium 
sulfate was Mallincrodt Reagent grade. Anhydrous magne
sium bromide was obtained from Rocky Mountain Re
search, Inc., and was recrystallized from water prior to use. 
Samples were prepared from stock solutions which had 
been standardized by atomic absorption.

3. Results and Discussion
Table I presents 25Mg line width and chemical shift data 

obtained as a function of the concentration of various mag
nesium salts in aqueous MgSCL, Mg(NC>3)2, MgiCICLL, 
MgBr2, and MgCL- Also included in Table I are the viscosi
ties of the solutions investigated.

The transverse relaxation time and associated line width 
of a quadrupolar nuclide resonance is generally determined 
by the interaction of the nuclide’s quadrupolar moment 
with electric field gradients at the nucleus. Nevertheless, it 
is reasonable that for strongly hydrated ions, such as hy
drated Mg2+, the electric field gradients at the nucleus may 
be very small due to a highly symmetrical arrangement of 
the water molecules around the ion. In such a situation, re
laxation mechanisms other than the quadrupolar interac
tion could contribute appreciably to the relaxation of the 
ion. The relaxation of 7Li+, a strongly hydrated ion, has 
been shown to have a large contribution from magnetic di
pole-dipole interactions with the protons on the surround
ing water molecules.9 This type of behavior in 25Mg2+ was 
explored by comparing the line width of a magnesium salt 
solution in H2O to that in D2O, where the magnetic dipole-

TABLE I: 25Mg Nuclear Magnetic Resonance Data for 
Aqueous Magnesium Salt Solutions

C,ma Ai'i/j, H z 77, cP 6 ,ppmc

3.40
MgSO„ 

11 .2  ± 0.8 9.10 0.0
3.00 9.5 ± 0.3 7.65 - 0.1
2.30 6.4 ± 0.3 4.84 0.0
1.80 5.4 ± 0.3 3.28 0.0
1.30 4.4 ± 0.3 2.39 0.1
0.80 3.8 ± 0.3 1.68 0.0
0.50 3.2 ± 0.3 1.40 0.0
0.40 3.0 ± 0.3 1.29 0.1
0.05 2.8 ± 0.4 1.04 0.0

2.70*
MgBr, 

6.8 ± 0.3 2.04 0.4
2.30 6.1 ± 0.2 1.77 0.5
1.97 5.4 ± 0.2 1.57 0.4
1.64* 5.0 ± 0.2 1.43 0.3
0.90 3.9 ± 0.2 1.19 0.1
0.47 3.6 ± 0.2 1.10 0.0
0.10 * 2.7 ± 0.3 1.01 0.0

4.00
Mg(C104)2 

8.0 ± 0.3 3.20 -0 .4
3.00 5.5 ± 0.3 2.30 -0 .3
2.20 4.5 ± 0.3 1.82 -0 .3
1.64 3.4 ± 0.3 1.56 - 0.2
1.10 3.1 ± 0.3 1.35 - 0.1
0.69 2.5 ± 0.3 1.22 - 0.1
0.32 2.4 ± 0.3 1.10 0.0
0.32 in D20 3.0 ± 0.3 1.35 0.0

3.10
Mg(N03)2 

9.4 ± 0.6 2.99 0.1
2.50 6.6 ± 0.3 2.34 0.0
2.10 5.5 ± 0.2 2.00 0.0
1.70 4.8 ± 0.2 1.70 0.0
1.40 4.3 ± 0.3 1.49 0.0
1.10 3.6 ± 0.3 1.36 0.0
0.48 3.3 ± 0.3 1.13 0.0
0.23 2.7 ± 0.3 1.06 0.0

4.10
MgCL 

7.2 ± 0.3 5.5 0.0
3.60 5.9 ± 0.3 4.45 —0.1
3.20 5.3 ± 0.2 3.72 0.0
2.79 4.8 ± 0.2 3.02 0.0
2.30 4.3 ± 0.3 2.40 0.0
1.30 3.8 ± 0.2 1.65 0.0
0.47 3.2 ± 0.2 1 .11 0.0
0.10 2.7 ± 0.3 1.05 0.0

a Concentration in molality. 6 Line widths were deter-
mined as the full-width at half-height. Tabulated values rep-
resent the average of at least three determinations with the 
error limits the standard deviations of the measurements. 
c Chemical shifts (±0.1 ppm) with respect to the signal for 
Mg(C10„)2, extrapolated to infinite dilution. More positive 
values refer to lower shielding. Bulk susceptibility correc
tions have been made.

dipole interaction would be greatly reduced due to the 
small magnetic moment of the deuteron. Such a compari
son is shown in Table I for 0.5 m Mg(C104)2. If the relaxa
tion in D20  were less efficient than in H20 , the line width 
in D2O would be narrower. This is not observed; indeed a 
small effect of the reverse sign may obtain. As can be seen 
from the table, the small difference in line width for D2O 
and H2O solutions is proportionately accounted for by the 
fractional difference in viscosities of the two solutions (see 
eq 6).
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Tests were also made for possible contributions to the 
25Mg2+ relaxation through interaction with the unpaired 
electrons of dissolved oxygen in the solutions. Thorough 
degassing of a selection of solutions, both dilute and con
centrated, by purging with purified N2 gas did not affect 
the observed line widths in any way. Thus, we may reason
ably eliminate considerations of magnetic dipole-dipole in
teractions with water protons or molecular oxygen in dis
cussing the 25Mg line widths for the aqueous solutions re
ported here.

Other contributions to the 25Mg relaxation, such as spin- 
rotation interactions, chemical shift anisotropy, and chemi
cal exhange, cannot be eliminated unequivocally on the 
basis of the data available here. Because of the small num
ber of electrons associated with magnesium, and the low 
degree of covalent character assumed for the interactions 
present in these systems, the spin-rotation and chemical 
shift anisotropy mechanisms are not expected to be impor
tant. Chemical exchange relaxation mechanisms of the 
usual type, i.e., modulation of the Zeeman term by chemi
cal exchange between sites of different shielding,10 can be 
neglected on the basis of the very small range of 25Mg 
chemical shifts observed to date.5-8 Hence, for the discus
sion which follows, the quadrupolar relaxation mechanism 
will be assumed to dominate the 25Mg relaxation. Line- 
width contributions due to magnetic field inhomogeneities 
are neglected in this work, because line widths as low as 0.5 
Hz have been observed in 43Ca NMR resonances in the 
same field and using the same insert.

The 25Mg line widths in aqueous magnesium salt solu
tions, unlike the corresponding chemical shifts, are rela
tively strongly dependent upon the salt concentration. The 
line width variations are represented in Figures 1-5. Aque
ous magnesium salt solutions of the type employed in this 
work are acidic due to hydrolysis, with pH varying over a 
range between 4 and 7. Magnuson and Bothner-By6 have 
reported that the 25Mg line width of a magnesium chloride 
solution is invarient over a wider range of pH, which is con
sistent with some similar measurements made in this work. 
Hence, we have neglected the effect of pH variation in the 
discussion below. It is conceivable that hydrolysis (as re
flected in pH) may play some small role in the line width 
variations, but it cannot be a dominant effect.

As stated above, the line width of 25Mg resonance in so
lutions of magnesium salts is primarily determined by the 
nuclear quadrupolar interaction, via its motional modula
tion. The equation for the line width, neglecting broaden
ing due to magnetic field inhomogeneities, is

Avi/2 -
71-T2

3 27 + 3 /  /e2qQ\ 2
40-jt72(2/ — 1) \ 3 /  \ h )  Tc

(1 )

for the extreme narrowing condition.10 Here, rc is the time 
constant that describes the motional modulation of the 
quadrupolar interaction (i.e., the correlation time for reori
entation of the electric field gradient with respect to H o ), I  
is the spin of the nucleus, 7; is a parameter describing the 
asymmetry of the electric field gradient, and e 2qQ /h  is the 
quadrupole coupling constant.

In ionic solutions of the type involved in this study, the 
modulation of the quadrupolar interaction may arise from 
at least the following four mechanisms.

(a) The reorientation of electric dipoles of solvent mole
cules near an ion will generally cause modulation of the 
electric field gradient at the nucleus of the ion. For this 
contribution to relaxation, one can replace eq 1 with a more

m

Figure 1. The concentration dependence of the 25Mg NMR line width 
for aqueous solutions of MgS0 4 , verticle bars. The rectangles repre
sent values of A ui/2/i;.
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Figure 2. The concentration dependence of the 25Mg NMR line width 
for aqueous solutions of MgBr2, verticle bars. The rectangles repre
sent values of Ai/1/2/ 77.

Figure 3. The concentration dependence of the 25Mg NMR line width 
for aqueous solutions of Mg(CI04)2, verticle bars. The rectangles 
represent values of Av v 2! t\.

specific form, giving11
/eQ\ 2 a2

AV1/2*  \ h )  (2) *
In this equation, (n2/r5) N  is a factor describing the mean 
electric field gradient due to solvent molecules of dipole 
moment, ¡x, at a distance, r, from the nucleus of the ion 
with a number density, N ,  and rs is a reorientational corre
lation time.
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m

Figure 4. The concentration dependence of the 25Mg NMR line width 
for aqueous solutions of Mg(N03)2, verticle bars. The rectangles, 
represent values of Ay-i/2/7).
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Figure 5. The concentration dependence of the 25Mg NMR line width 
for aqueous solutions of MgCI2, verticle bars. The rectangles repre
sent values of Aî>i /2/ î/.

(b) Electric field gradients at the nucleus of interest aris
ing from electric fields of other ions in solution are modu
lated by the translational diffusion of these ions. One can 
again replace eq 1 to describe the specific mechanism, giv-
mg11

Al-l/2 ' (f)
2 Z f r t C jT j  

i 3d3
( 3 )

where Z,c is the electric charge of the ith ion in solution, C, 
is the concentration of the ith ion, d  is the distance of clos
est approach of the pertinent ions, and r, is the correlation 
time for diffusion of the pertinent ions.

(c) If the ions of interest are involved in complexes of sig
nificant lifetime, then interaction of the nuclear quadru- 
pole moment with the net electric field gradient of the 
complex, e q , is modulated by the thermal reorientation of 
the complex. This case, as discussed many times in the lit
erature,10’11 is given by

A»i/2 ' ( 4 )

where rc is the reorientational correlation time of the com
plex. If relatively long-lived complexes do form, there will 
be contributions to the line width from all complexes 
present; if the mean lifetime, rr, of a complex is in the 
range rc «  rr «  T2, where T 2 is the relaxation time of the

nucleus in the complex, the width of the single observed 
line will be a population-weighted average of the line 
widths of all complexes in equilibrium;12 this average con
tains a term dependent upon rc.

(d) The formation of transitory complexes (e.g., ion 
pairs) from hydrated ions causes a discontinuous modula
tion of the electric field gradient at the nucleus of interest, 
changing randomly from a value near zero (symmetrically 
hydrated Mg2+) to some large value, e q c. This mechanism 
would be expected to follow an equation that includes a 
term of the form

( e 2q c Q /h)2TT (5)

where rr is the lifetime of the transitory complex. This case 
differs from case c in that rr < rc «  T2. In the limit as rr 
becomes larger than rc, the complexes become longer lived 
and mechanism c obtains. As rr — 0 the ion-ion encounters 
become even more transitory in nature and this mechanism 
gives way to mechanism b.

At the present state of knowledge of this subject it is im
possible to predict a priori the relative importance of each 
of these types of contributions. Furthermore, even if one 
could, in general the values of various electric field gradient 
factors in these expressions are not known, so one could not 
calculate the various correlation times. There is some evi
dence13'14 (and it is often assumed) that in solutions of 
small molecules the molecular reorientational correlation 
times, rc, are linearly related to the bulk viscosity of the so
lution. This idea has its foundation in the Debye theory of 
dielectric relaxation in polar liquids.15 In this theory, rc is 
related to the viscosity, rj, by

t c  = 47ra3?;/3feT (6)

where a is the hydrodynamic radius, k  is the Boltzmann 
constant, and T is the absolute temperature. Within this 
type of framework, ions have been treated as small mole
cules, and correlation times, r;, rc, and ts have been as
sumed to be linearly related to the viscosity of the solu
tion.14 Implicit in this approach are the assumptions that 
(i) for mechanism a the neighboring dipolar molecules un
dergo motion that is not restricted by any s p e c i f i c  ion-sol
vent interactions (i.e., that molecules neighboring the so
lute of interest still retain the average mobility of bulk sol
vent molecules); (ii) for mechanism b the ions in solution 
undergo diffusion that is n o t  restricted by any specific ion- 
ion interactions (i.e., that ion motions are not s p e c i f i c a l ly  
correlated to one another and the ion motions are con
trolled only by properties related to the viscosity); (iii) for 
mechanism c the thermal reorientation of the complex is 
unrestricted by any s p e c i f i c  solvent-solute interactions.

On the basis of previous work, one does not expect mech
anism c to be very important for any of the magnesium 
salts, except possibly MgSO.*, because specific complexa- 
tion of NO3- ,  CIO4- , Cl- , and Br-  to Mg2+ has not been 
observed.16,17 Thus, if the above assumptions are valid, the 
25Mg2+ line width should be related to the solution viscosi
ty, tj, and the solute concentration(s) in the following man
ner

Ai/1/2 = Ft] + G C t] + P(C) (7)
where F  is a factor associated with solvent properties (see 
eq 2), G  is a factor associated with properties of the ions in 
solution (see eq 3), and P(C) is some function of concentra
tions related to the kinetic details of the transitory com
plexes of mechanism d. To the extent that long-lived com
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plexes do exist, mechanism c would also make a contribu
tion, and a term of the form R (C )r j would be added to eq 7. 
A similar expression to the first two terms of eq 7 had been 
proposed previously for the relaxation of alkali metal ion 
nuclides and halide ion nuclides.14

It is of interest to test the validity of eq 7, and hence, its 
underlying assumptions, for aqueous solutions of 25Mg2+. 
For this purpose, the measured values of the 25Mg line 
width and the solution viscosity as functions of magnesium 
salt concentration were analyzed in terms of the ratio, 
An/2 /r).

If the first term in eq 7 is dominant, then one would ex
pect the ratio Avi/2/ 7; to be independent of the concentra
tion of a magnesium salt. On the other hand, A¡<1/2/ 7; would 
be linearly related to the concentration if the second term 
were dominant. In order to explore these possibilities, we 
have plotted Avi/2/ 7) vs. concentration for the magnesium 
salt solutions investigated here; these plots are shown in 
Figures 1-5.

For the Mg(C104)2 and Mg(NO;3)2 solutions Avi/2/y is 
nearly constant over the concentration ranges employed. 
Avi/2/y for MgBr2 rises at first with increasing concentra
tion (0-0.5 m), and then remains nearly constant as the 
concentration is increased further. For the MgC^ and 
MgS04 solutions, \v\12l v  is constant at low concentration 
(0-0.5 m), then decreases as the concentration is further 
increased. The first term of eq 7 (the one associated with 
mechanism a) appears to be sufficient to account for the 
data on Mg(C104)2 and Mg(NO,3)2 solutions, and for the 
data on MgBr2 solutions at concentrations greater than 0.5
m. The first term of eq 7 appears promising for MgS04 and 
MgCl2 solutions only at low concentrations, less than 0.5 m. 
There is no evidence in any of these plots for important 
contributions associated with the second term in eq 7, i.e., 
with mechanism b.

The behavior of MgS04 and MgCl2 solutions is rather 
unusual in that the line width does not increase as rapidly 
(on a fractional basis) with concentration as the viscosity 
does. The second term in eq 7 (associated with mechanism 
b) would require Atu/2/ 7; to in c r e a s e  with increasing con
centration. If rather specific ion-ion interactions (i.e., ion 
pairing) were taking place and giving rise to long-lived 
complexes, then one would expect, based upon previous 
studies with alkali metal ion4-8 and our discussion of mech
anism c above, an increase in the electric field gradient at 
the nucleus due to the close proximity of another charged 
species (ion). One might also expect an increase in the rota
tional correlation time of the Mg(II) species. In such a case, 
the line width would be expected to increase more rapidly 
with increasing concentration than the increase in viscosity 
with increasing concentration. That this behavior is not ob
served is particularly interesting for MgS04 solutions, 
where specific ion pairing has been studied by a variety of 
techniques.17'18 Previous studies of aqueous MgS04 solu
tions indicate that appreciable concentrations of magne
sium sulfate ion pairs exist over the range of concentrations 
studied here.

If mechanism d were operative, one could envision a 
plausible reason for the two cases of substantial decrease in 
Ak 1/2/ 7; as the concentration increases. That mechanism is 
associated with the transient formation of complexes, e.g., 
ion pairs, between Mg2+ and Cl~ and between Mg2+ and 
S042-. If the lifetimes of these transient species, r>, even in 
dilute solutions, are smaller than rc and if the lifetime de
creases with increasing solute concentration, then the ef

fectiveness of that contribution to relaxation will decrease 
with increased solute concentration, according to eq 5 (i.e., 
P(C) in eq 7 decreases with increasing C ). Hence, the line 
width will not increase with concentration as rapidly as the 
viscosity increases with concentration. Another plausible 
explanation for the decrease in A i’ 1/2 with increasing 
MgS04 or MgCl2 concentrations, at high concentrations, is 
the possible effect on Mg(II) of changes in water structure 
as the salt concentration increases. If such changes could 
bring about a higher symmetry in theijime-average hydra
tion of Mg2+, then the observed trend would be under
standable. The presently available information does n. i 
permit a meaningful judgment to be made on this point.

The chemical shifts, when corrected ;or bulk susceptibii 
ity effects, vary over a total range of only about 1 ppm. The 
largest variations (about 0.4 ppm) occur for MgBr> and 
Mg(C104>2. The latter case showed no indication of specific 
Mg2+—C104~ interactions from line width data. The MgCl2 

and MgS04 cases, for which the line width data give some 
indication of transient ion pairs, show almost no chemical 
shift dependence upon Mg(II) salt concentration. Hence, it 
would appear that these two parameters, the chemical shift 
and the viscosity-corrected line width, depend upon differ
ent types of influences an the Mg2+ ion.

4. Summary and Conclusions

The 25Mg NMR line widths of these aqueous solutions of 
Mg(II) salts are seen to be relatively sensitive to variation 
in concentrations. Using the available models of quadrupo- 
lar relaxation in electrolyte systems, it appears as if the de
pendence of A¡<1/2 upon viscosity is sufficient to explain the 
data for Mg(C104>2 and Mg(N0 3 )2, and for MgBr2 at high
er concentrations. For MgS04 and MgCl2 at higher concen
tration, a mechanism involving the formation of transient 
ion pairs seems attractive, although the possibility exists of 
explaining the results on the basis of alterations of bulk 
water structure. The convenience and potential utility of 
FT 25Mg NMR for studying the nature of Mg(II) solutions 
is demonstrated.
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COMMUNICATIONS TO THE EDITOR

' *,

Arrhenius Parameters for the Reaction of 
Oxygen Atoms with Dicyanoacetylene

Publication costs assisted by The University of Alabama

S ir : In a recent publication1 we discussed the kinetics and 
mechanism of the reaction between oxygen atoms (ground 
state) and dicyanoacetylene. By means of measurements in 
a discharge-flow reactor the rate constant, at room temper
ature, was found to be 6.6 ±  1.8 X 108 cm3 mol- 1  s_1, with a 
near-unity stoichiometric ratio of reactant consumption. 
Several free-radical intermediates were identified, and on 
the basis of this and other evidence it was proposed that 
the first step in the overall reaction is

C4N2 + 0  — C2N + OC2N (1 )

The reaction between oxygen atoms and acetylene has 
been well studied in recent years2"6 and should provide a 
convenient reference for discussions of the reaction rates of 
substituted acetylenes. The average value of the rate con
stant for C2H2, as found by several different techniques, is
9.0 ±  1.2 X 1011 cm3 mol- 1  s_ 1 at room temperature. Al
though some earlier work2 had indicated that the activa
tion energy was close to zero, three more recent studies,3-5 

in very good agreement with one another, yielded the value 
3000 ±  200 cal mol- 1  for the activation energy.

TABLET

2 2 2 4 2 6 2 6  3 0 3 2 34

lOOO/T, • K"'

Figure 1. Arrhenius plot of the variation of rate constant with tem
perature. The point at lowest temperature is taken from ref 1.

Since it is of interest to compare Arrhenius parameters 
as well as single-temperature rate constants, we have reex
amined the reaction between oxygen atoms and dicyanoa
cetylene; in particular we have measured its rate over the 
temperature range 300—450 K. The experimental apparatus

P, Torr T, K [O], atoms cm-3 X 10"14 [O]o/[DCA]0_______¿max, s V, cm s 1________k,a cm3 mol-1 s 1

0.73 408 1.79 13.9 0.26 178 16.5 ± 1.0
0.77 350 3.20 13.1 0.32 144 3.92 ± 0.15
1.10 378 5.66 13.9 0.33 140 5.55 ± 0.16
1.10 363 1.72 9.0 0.34 134 12.8 ± 1.6
1.00 446 1.44 7.0 0.33 139 38.9 ±2
1.06
0.7-5b

301
300

1.43 6.2 0.38 122 4.50 ± 1.92

° Indicated errors are standard deviations derived from a least-squares analysis of measurements from at least eight contact times, 
erage value at room temperature from ref 1.
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and procedure was the same as before;1 '7 8 0  atoms, pro
duced in a microwave discharge through 90% He-10% O2, 
were mixed with dicyanoacetylene in a cylindrical flow re
actor, and the dicyanoacetylene concentration was mea
sured mass spectrometrically as a function of time after 
mixing. All experiments were done under pseudo-first- 
order conditions, with 0  atoms in at least a sixfold excess, 
and, inasmuch as the earlier study had shown no pressure 
dependence of the room temperature rate constant over the 
range 0.7-5.0 Torr, all experiments were done at about 1.0 
Torr. Modifications to the apparatus necessary for mea
surements at elevated temperatures have been described;7 

reactor temperature as measured with a chromel-alumel 
thermocouple varied less than 5% along the length of the 
reactor and/or during the course of the measurement.

The results are given in Table I, and shown also in Fig
ure 1 where they are plotted as log k  vs. 1000/T. Each rate 
constant was estimated to be accurate to ± 2 0%, which in 
our experience is the largest error normally encountered in 
measurement of oxygen atom concentration. To this 20% 
was added the standard deviation (shown in Table I) de
rived from a least-squares treatment of measurements from 
at least eight reaction times. The resulting error estimate, 
shown also as error bars in Figure 1, was used in a weighted 
least-squares treatment which yielded the equation

k  = 1012-9±0'7 exp(—5500 ±  11 0 0/ R T ) cm3 mol- 1  s_ 1

The corresponding equation for the unsubstituted acety
lene is

k  = io13 14 ± 0  09 exp(—2980/ET) cm3 mol" 1 s' 1

and thus the preexponential factors are equal within the 
accuracy of the data.
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