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FOREWORD

This report covers a pecrtion of the work performed at this Station
on the compound tetrakis(dimechylamino)ethylene (TMAE). A particularly
interesting feature of TMAE is the chemiluminescence which occurs during
the course of its reaction with molecular oxygen. To investigate the
mechanism of the autoxidation and chemiluminescence of TMAE, it was of
importance t. .dy any interactions between TMAE and oxygen. It ‘s
shown in this ort that TMAE reversibly forms a donner-acceptor
complex wi’® -x,gzen and that the enthalpy change for this reactic: is
quite simi <o the change for the reaction of oxygen 2nd the po=r
electron-do..aer n-decane,

This work was initiated in 1963 under the sponsorship of the
Chemistry Office of ihe Advanced Research Projects Agency through ARPA
Order No. 285-62 AM5. Support was continued under Bureau of Naval
Weapons Task Assignment RMMO 32-024/216-1/F008-17-02, Problem
Assignment No. 4. The work was completed in the early part of 1965,
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Oxidation and Chemiluminescence of Tetrakis(dimethylamino)ethylene. L

Reversible Reactions of Oxygen with Tetrakis(dimethylumino)ecthylene

and n-Decane

by Carl A. Heller and Aaron N. Fletcher

Rescarch Depaitment, U, S. Naval Ordnance Test Station, Ching Lake, California  (Biceieed March 1, 13453)

The solubility and heat of solution of oxygen in n-decane and tetrakis(din.ethylamino)-

ethylene (TMAE) have been measured and found to be almost equal.

The spectrally

measurable interaetion species, TMAE-Q, and n-CpHa~0s, are shown to have very low

H of formation (—1.2 and —0.4 keal.).

Thus, in nonpolar media the good clectron donor

TMAE and poor clectren donor n-decane rea~t similarly with oxygen.

Introduction

This paper will describe studies of a weak charge-
transfer contact pair! or complex? between oxygen and
both tetrakis(dimethylamino)ethylene (TMAE) and
n-decane. This type of complex has been observed
by absorption spectrometry for several hydrocarbons
which have been shown fo form 1:1 pairs.3— TNAE
has been shown to form stable complexes with a num-
ber of electron acceptors.® It can also be oxidized to
form both a cation radical and a dication.’?

Since our chemiluminescent studies involve n-
decane solutions of TMAE and oxygen we have
studied the solubilities and interaction species of
oxygen with both moleenles. The AH values found
appear to be the first reported for such speeies.

Experimental Section

Ozygen Uplake Apparatus. The pressure drop was
used 1o measure oxygen uptike in a 10-ml. erlen-
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meyer flask.  In aperation the lignid was degassed by
freezing and pumping.  Oxygen was let into the flask
with the stirrer off, initial pressure zeroed quickly, and
the stirrer started. Wiih the stirrer off, the solution
rate was very slow so little error arose from the initial
short. delay. The final pressure, pressure change, and
known volume gave the amount dissolved. The pres-
sure change was measured with a Pace transducer
and a recorder. The oxygen was in 1-1 flasks in an
air bath, and the sample was immersed in a stirred
bath slightly above the liquid level.

(1) R. 8. Muliiken, J. chim. phys., 61, 20 (17 34),

(25 8. Curter, J. N. Murrell, und K. J. Rasch, J. Chem. Soc., 2048
(1965).

(3) D. F. Evauas, ibid., 345 (1953).

(4) A. U. Munck and 1. F. 8cott, Nature, 177, 578 (1958),

(3) D. F. Evans, J. Chem. Scc., 1987 (1961},

(6) N. Wiberg and J. W. Buckler, Chem. Ber,, 97, 618 (1964).

{(7) N. Kuwata and D. tI. Geske, J. Am. Chem. Soc., 86, 2101 (1964),
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Spectrephotomelric Study. The apparatus consists of
two constant temperature liquid reservoirs connected
by vacuum-jacketed tubing and includes spectro-
photometric flow cells. The gas system above the
reservoirs is used to produce a reciprocating flow
of the liquid between the reservoirs or to bubble gns
through the liquid phase,

A Beckman DK-2 spectrophotometer is used to
monitor the absorbance of the liquid in the cells
which can be placed in series or filled separately.
Temperature control in the sample cell is £0.2° during
flow. Absorbances as low as 0.001 ean be measured.

Material. The n-decane was stirred overnight with
30% fuming sulfuric acid and washed with concentrated
sulfuric acid, water, and a dilute sodium hydroxide
solution. After drying over activated alumina, the
n~decane was distilled from sodium under an atmos-
phere of 700 torr of purified argon,

TMAE was obtained from E. 1. du Pont de Nemours
and Co., Wilmington, Del. Tt was purified by filter-
ing through a bed of Al:O; (Alcoa F-1, 4-8 mesh).
This gave a material which was pure by a gas chro-
matographie analysis. The purified TMAE was stored
under nitrogen or argon. The uncorrected melting
point was —4°,

Water and similar compounds increase the irreversi-
ble reaction of TMAE with oxygen.™® All apparatus
and operations were handled so as to minimize im-
purities including air. However, after long storage
TMAE would often show a precipitate of tetramethyl-
oxamide. Therefore, it was repurified about once a
month.

During runs on the solubility there was always a
slow irreversible reaction as indicated by the pro-
duction of light. In the spectral runs tetramethyl-
oxamide eventually precipitated and halted the work.
The base line was determined after each run with oxy-
gen for the work with both TMAE and decane. The
ratc of the irreversible reaction increased with tem-
perature and limited studies with TMAE to 30° and
lower.

The problems mentioned limited the reproducibility
of data to that shown in the next sectior.

Results

Solubility. Table 1 shows the results obtained for
oxygen solubil'ty in n-decane and TMAE. The
results reported here ean be compared with & value of
0.0127 for oxygeu in n-heptane at 253°? The solu-
bility was taken at a series of pressures from 100 to
700 torr. It obeyed Henry’s law for both n-decane
and TMAE so best straight lines were drawn for each
temperature. For these the slope, k, was obtained.

The Journa! of Physical Chemistry

Table I: Solubility of Oxygen®

T, °C. k for n-decane, klor TMALE,
mimole 1. = torr ~?! wmmyle 1. 7! torr !
0 0.0154 0.0151
24 0.0137 0.013 £ 0.001
aH —0.8 keal ~{1.8 keal.

4§ = kPo, mmole/l.

There was a problem in measuring the solubilities in
TMAE at room temperature (24°). Figure 1 shows
a typical pressure truce,  Instead of & pressure plateau,
we obtained a slope due to the irreversible reaction of
0: with TMAE. We measured the pressure drop at
two points which should give minimim and maximum
solubility possibilities. The & at 24° represents a
best line drawn through the values of the mean.

A few runs were made at 0° with 10-2 M 1-oetanol
in the TMAL to learn whether this affected the solu-
bility. These runs looked like those at 24° with “pure”
TMAE, and we took maximum and minimum values
which naturally inelude larger errors. The mean
values showed no significant difference from those
taken without l-octanol.

In all the runs with TMAE the brown coloration
appeared and deepened as the O, dissolved. There
was no perceptible lag. If the stirrer was turned off
and O, pumped away, the brown remained for several

40
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Figure 1. Solubility of O; in TMAE at 24°,
speedomax record showing method of obtaining
maximum and viinhmnm valies of solubility.

(8) H. E. Winberg, J. R. Downing, anu D. D. Coffinan, J. Am. Chem.
Soc., 87, 2054 (1965).

M J. H, ilildebrand and R. L. Scotl, *1tegulur Solutions,” |’feul-ice-:;

Hall, Inec., Englewood Clitfs, N. J., 1962, i
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minutes; if the stirrer was on, the brown disappeared
rapidly.

Specira. In Figures 2 and 3 we show spectra of the
type used i1 onr measurements. ‘The solvent in all
cases is n-decane.

Figure 2 shows in curve B the shoulder which is used
to meunsute the n-decane-oxygen interaction species,
Curve C shows the absorption of TMAL in n-decane.
We tind a peak at 221 mu as opposed to 240 mpu re-
ported elsewhere.®

Figure 3 shows simitar eurves for TMAE-oxygen
systems. Curve A indicates the shonlder of the TMAE

Absorbance.
s e » @ P
B W R m o=

ot
=

S
[
d
.

T T T v T Tt
210 220 230 240 260 280 300
Wave length, mu.

Figure 2. (A) Base line: n-decane vs. n-decune;
{B) n-decane 4 400 torr of O. 5. n-decane;
(C) I[TMAE], 0.85 X 107% M, vs. n-decane. All at 30°,

SO —

0.4 +

03+
A
02+ <

Absorbance,

absorption, The base line B is obtained with w.e
spectrophotometer slits less than “ully open so that
curves C and D are not artifnets although less resolu-
tion is obtained below 400 my.

Curve D is due to the difference in the molar ab-
sorptivity of TMAE and the interaction species. The
absorbauce of the inter~ction species results in the
brown coloration which follows the addition or removal
of oxygen with no pereeptible lag.

The monocation, TMAE®*, sbsorption can be seen
in curve C as a narrow negative peak. The mono-
cation is forined by the reaction’: TMAE*+ 4+ TMAE
= 2TMAE+*. The equilibrium is =hifted to form more
nmonoeation at higher temperatures. Once again, the
spectrum is due to a difference between molar absorp-
tivities. The peak at 405 mpu is shifted from that
found in acetonitnle at 385 mu.”

Spectropholomelric Resulls, The n-decane plus oxy-
gen interaction was measured at 220, 225, and 230 niu,
The absorbance ¢} ange from oxygen-free n-decane was
taken as the absoibance of the complex. The equi-
librium quotient is first order in oxygen pressure.
The n-decane concentration was not varied, but Evans’
work?® has shown that these interactions are first order
in hydrocarbon. Table II shows how the quotient
changed with temperature and the calculated AH,
The variation with wave length is probably due to a
change of the extinction coefficient due to a batho-
chromic shift of the whole band.'®

Table II: Variation of pQ with Temperature
fur n-Decane®

6.0
-0 }
¢
0.2 b
ol 1 T R S N S U T SR VR,
360 380 400 450 500

Wave length mu.

¥ DI SN W

550  6c0 700 800

Figure 3. (A) I[TMAE), 0.4 M, vs. n-decane, hoth 30°;

(B) base line: [TMAE], 0.4 M, vs. [TMAE], 0.4 M, both

30°; (C) ITMAE], 0.4 M, 20°, vs. ITMAE], 0.4 M, 30°; (D)
PEMAE], 0.4 M, + 1400 1orr of O vs. [TMAE], 0.4 M, both 30°,

T, °C. 220 myu 225 mypu 230 myu
0 3.840 4.076 4.312
10 3.861 4.0042 4.323
20 3.866 4.106 4.334
30 3.886 4.115 4.344
40 3.804 4.123 4.350
ol 3.848 4.125 4.346
80 3.923 3.134 4.355
AH —0.52 keal. —0.39 keal. —0.29 keal.
absorbance
“pQ = -1 -

o Exddidodianls
2 {n-decane] Po,

TMAE plus oxygen interaction was measured only
it 450 mu ard again by subtracting the decane and
any slight TMAE absorbance. In this work the TMAE

(10) H. H. Willard, L. L. Merritt, Jr., and J. A. Dean, "Instrumentai
Methods of Analysis,” 3rd Ed., D, Van Nostrand Co., Ine., New
York, N. Y.. 1958, p. 7.
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concentration was varied with a-deeane s the solvent.
Table III shows that the interaction is first order in
both specics.

Table Ill: Negative Log [Eqgnilibrimn Quoiient] at #°
for TMAFEY

ANhrorhanee gt

ITMAEL M Po., tore 450 mu pQ
0.0219 1200 0.0123 3.329
(1, 0865 1200 0).031 3.313
0.128 100 n 008 3.350
1,128 Bt 0.0146 3.421
0,128 W . 4301 3328
0,128 T 01,0410 3.338
0.128 900 0.0540 3,429
0.128 1100 0.0675 3,320
0.128 1300 0.0804 3.317
0.210 1200 0.112 3.353
0.401 1200 0.2 3.320

303340 4 1,006
v absorbance

o8 I TMAE] P,

Table IV shows the change of the quotient with tem-
peratirve and the caleulated AH with estimated ¢,

Table IV: Variation of Average Equilibrinm
Quotient with Temperature for TMAE

T, o0, p@

Q1 3,54

5 3,38
10 3.35
15 3,38
20 3.42
25 3.43
30 3.43

—All = 1.2 £ 4.2 keal. moele™?

We attempted to measure the actual eoncentration
of the complex by 1ieasuring the decrease in TMAL
absorbance as the complex formed. No decrease
could be seen, as might be expected if not much com-
plex is formed and its spectra is similar to TMAE in
the ultraviolet region. The other method for measur-
ing the actual amount of the complex involves moni-
toring the free oxygen vs. complexed oxygen. Experi-
mental methods nll measure total, not free, oxygen
hy equilibriumr with a second phase. The Benesi-
Hildebrand equations! or a modifieation? is not. appli-
eable to our present data. A technique for adding a

The Journal of Physical Chemintry

known constant amount of gas wonld have to he de-
veloped to use these equation:.  Also, an inert solvent
vould have to he found since hydroearbons form com-
plexes with Oa,

Thus, we cimnot ealenlate a coneentiation equilibrium
constant not the free energy of complex formation
Sinee O and argon show similar solubilities in hydro-
carbons,® the amount of complexing of O» must be
small. The similarity of O; solubility in ~decane and
TMAE indicates o similar weak complex {or the latter,

Discussion

I'rom a kinetic point of view one wuants to know
whether the speetrally observed species can be con-
sidered a real intermediate; that is, does it have a life-
time longer than a normal collision? The contact
puir formulation! visualizes only short lifetimes with
no potentint well. The experimental basis of this has
been quesiioned,? and it appears possible that even
weak interactions indicate that a complex is formed.
That is to say, there will be no extinction coeflicient
unless there is a real complex in a potential well with
an equilibrium constant and a lifetime long compared
with collision time. Under these circumstances, the
complex eanr be considered an intermediate for subse-
quent reactions, which is of importance in the con-
sideration of third-order reactiois. These need not
be termolecular, but rather the result of a 1:1 complex
reacting with a third melecule.

In alkane oxidation Denisov!? has measured initia-
tion kineties whieh are first order in oxygen and second
order in alkane. This could be due to a reaction be-
tween the alkane-oxygen complex and an alkane mole-
cule to form free radieals.

The evidence from our measurements 1s that there
is a slight negative enthalpy for both interaction
species,  For TMAFE-O: it amonuts to o few hundred
calories even if we subtract. the cathalpy of solution of
oxygen from the measured enthalpy of formation of the
peak at 450 mu,  Although the negative enthalpy does
not. prove there is a fre= energy weh, it makes it appear
more probable.

If the complex i+ an intermediate and the equi-
librium is rapid compared to subsequent reactions, the
AH will enter the observed activation energy.

The effeet. of traces of water* in increasing the ir-
reversible oxidation of TMAE c¢an be understood in
terms of the donor-aceeptor theories of Mulliken,'

(11) A. M. Mcod, "“Introduction to the Theory of Statistics,”
McGraw-Hill Book Ca., Inc., New York, N. Y., 195u, p. 201.

(12) H. A. Benesi and . 11, Hildebrand, J. Am. Chem. Soc., 71, 2703
(1949),

(13) E. E. Denisov, Kinelika 1 Kalaliz, 4, 53 (1963).
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who peints out that the change from a weak complex to
an ion pair is assisted by a polar environment or hy
formation of a complex ion.  Thus, water conld bhe
expected to react with the TMAL -0, complex to give
iou pairs.  This irreversible reaction will be the subject
of the next paper in this series,

Acknowledgmenl, The reversible browp coloration
due to the TMAE-0, interaction species was first

noted hy Charles M, Drew of this laboratory. Dis-
cussions with Drs. R, H. Knipe, P. Hammond, and
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Winberg, J. R. Downing, D. D. Coffman, and J. 2,
Paris of Du Pont on TMAE were made available to
us before their publication.  This research was sup-
ported in part by the Advanced Research Projects
Ageney, Chiemistry Oftice, Order No. 205-62-A M.
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