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ABSTRACT

A strong correlation is found bet\veen the electronegativity, Ex, and the three proton
coupling constant of the vinyl group in over a hundred compounds of the type CH, = CHX.
This correlation extends over the range Ex = 4 to 1 and over the range Jyom+Jois+Jtrans = 14
to 50 c.p.s. Simple implications and some useful applications of this correlation are discussed.

A recent publication notes that for a number of vinyl compounds the sums of the
three proton coupling constants in the vinyl radical fall into two groups, one of about
20 c.p.s. and one of about 30 c.p.s. (1). Vinyl fluoride is an exception, with a sum of 14.3
c.p.s. At present there are data available for about 140 vinyl compounds (2-10). The
sums of the coupling constants, Jeem=+Jcis+Jirans, are found to lie in the range 14.3
to 50.2 c.p.s. (see Table I). It appears that there is a regular progression from low to high
values.

Banwell et al. (3) have recently plotted values of coupling constants for seven vinyl
compounds against the electronegativities derived by Dailey and Shoolery from chemical-
shift differences in ethyl halides (11). They find an inverse proportionality, Ex, for the
compounds CH,; = CHX over the range Ex = 2.5 to 4.0. It is of interest to see whether
this inverse proportionality extends to lower values of Ex.

In Table I the known coupling constants for a large number of viny! compounds are
collected. Opposite each group X is given the value of Ex used in Figs. 1 and 2. The
apparent electronegativity of a group will be dominated by the atom at which the vinyl
group is attached. With this in mind, the values of Ex are given for the atom to which
the vinyl group is bonded. Thus we use the same values of Ex for aryl and alkyl ethers
and so on. Two exceptions are to be noted. The value Ex = 3.35 has been taken for the
nitro group and Ex = 3.0 for the vinyl sulphones. These values appear approximately
correct from the work of Clifford (13).

In Fig. 1, the values of the coupling constants are plotted against Ex. There certainly
is a strong correlation between the two parameters. Whether it is a linear relationship
is perhaps questionable, but illustrative straight lines are drawn through the points.
The values for bromine fall consistently far from the ‘‘straight line’".

Inspection of the methods used for the analysis of the proton resonance spectra which
are all of the ABC type (15), shows that the sum of the coupling constants is a much more
accurate experimental parameter than the individual values. This is so because this
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TABLE |
Average values of coupling constants in compounds CH, = CHX in c.p.s.

No. of
X Ex values Jgem Jeis Jteans Reference
1. —F 3.95% 3 —3.2 4.65 12.75 2,3, 5
2, —Cl 3.2% 2 —1.4 7.3 14.6 2,3
3. —Br 3.0* 4 —1.8 7.1 15.2 2,3,4,56
4. —OR (alkyl) 3.5*% 17 —1.9 6.7 14.2 2,3
5. —OR (aryl) 3.5*% 13 —-1.5 6.5 13.7 2
6. —OOCR 3.5% 12 —1.4 6.3 13.9 2
7. —Phosphates 3.5% 5 —2.3 5.8 13.2 2
8. —NO. 3.35% 1 —-2.0 7.6 15.0 2
9., —NR 3.0* 5 0 9.4 16.1 2,5
10. —COOR 2.5% 14 1.7 10.2 17.2 2
11. —CN 2.5% 1 1.3 11.3 18.2 7
12, —COR 2.5% 2 1.8 11.0 18.0 2,5
13. —R (alkyl) 2.5% 18 1.6 10.3 17.3 2,8
14. —R (aryl) 2.5% 9 1.3 11.0 18.0 2
15. —Pyridyl 2.5% 3 1.1 10.8 17.5 2
16. —Sulphones 3.0% 9 —0.6 9.9 16.6 2
17. —Sn 1.9*% 4 2.8 14.1 20.3 2,10
18. —As 2.1* 4 1.7 11.6 19.1 2
19. —Sb 2.0* 1 2.0 12.6 19.5 2
20. —Pb 1.9¢% 1 2.0 12.1 19.6 2
21, —Hg 1.9 1 3.5 13..1 21.0 10
22. —Al etherate 1.5¢% 1 6.3 15.3 21.4 10
23. —Li 1.0t 1 7.1 19.3 23.9 9
*Reference 12.
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FiG. 1. The values of Jeom, Jeis, and Jirane in c.p.s. are plotted against the electronegativity Ex. Data

are from Table I. Note that Jeis and Jimass are referred to the scale running from 0 to 24 c.p.s.
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parameter can be gotten directly from the repeated line spacings in the spectrum (7),
whereas the individual values must be extracted by a complete analysis involving the
three chemical-shift parameters as well. The percentage error in Jgem is bound to be
particularly large, since its magnitude is so small. Therefore it is gratifying that the
best correlation between J and Ex is found for Jiaus.

In Fig. 2, the sum of the coupling constants is plotted against Ex. Since in almost all
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FiG. 2. The sum Jgem+Jcis+Jtrans in c.p.s. plotted against the electronegativity Ex; also sum Jgam—+
Jeis plotted against Jirns, all in c.p.s. Data are from Table I.

the compounds this sum was accurately derived with a maximum error of about 0.5
c.p.s. (2), we can conclude from Fig. 2 that the scatter in most cases is due to factors
other than that of large errors in the coupling constants. It would be surprising, I think,
if there were a precise relationship between the two parameters. Extensive calculations
suggest strongly that the value of Jyem should depend only on the angle between the two
C—H bonds (5). In that case, Fig. 1 suggests that an approximate relationship exists
between the bond angle and the electronegativity of the substituent on the 8-carbon atom.
In particular, the value of the CH, bond angle for metal vinyls should then lie between
110° and 120° (5).

I't follows from Figs. 1 and 2 that there will be linear relationships between the coupling
constants themselves. This has been found over a restricted range by Banwell and
Shepherd (16). In order to minimize the relatively large errors in Jyem, Fig. 2 also shows
a plot of Jyem+J .15 against Jigme. The plot is linear, as expected.

An obvious practical application of the above correlations is in the analysis of the
proton resonaunce spectra of other vinyl compounds. If the values found lie too far off
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the lines in Fig. 1 they are probably incorrect. There are a number of examples in the
literature. A striking one is tetravinylsilane (2). The coincidence of a large number of
the 15 possible lines in the spectrum is probably the reason for the wrong assignment.

Another useful application is as a discriminant between two reasonable sets of para-
meters derived from a single spectrum. The iterative method for solving the A BC system

.does not always converge on the correct ones (7). The exact analysis of three spin spectra

is now possible (7). In the exact analysis one always finds e/l the possible solutions, but
the final choice is not always completely unambiguous; a consequence of the errors in
peak-intensity measurements. An example is the 4BC proton spectrum of acrylonitrile,
the most reliable analysis of which is, no doubt, that of Castellano and Waugh (7). They
find two sets of coupling constants, both of which would be accepted as reasonable if
reached by the usual iterative method. They suggest that a final decision be made by
running the spectrum in a magnetic field strength considerably different from the one
they use. This has been done in these laboratories and, at the cost of considerable work,
their preferred assignment has been substantiated. It is interesting to note that the
reference to the plot of Fig. 1 would have resulted in the same conclusion.
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ABSTRACT

The rate constants for the reactions of CoH, and NHj are determined by termination of the
reactions in the gas phase after different times of reaction. The average value for the rate
constant of the N atom — CoH; reaction at 150° C is 1.8 X 10" cc mole™ sec™!, when the initial
N-atom concentration is determined from the maximum production of HCN. The average
value for the rate constant for the over-all reaction of NH; with excited nitrogen molecules,
at 104° C in the “poisoned” system, and 83° C in the “unpoisoned’’ system, for low initial
flow rates of NHj, or short reaction time, is 2.2 102 cc mole~! sec™!. The decrease in value
of this rate constant at higher initial ﬂow rates of NH; and longer reaction times in the
“poisoned’’ system indicates that the species responsible for NH; decomposition is generated
during the decay of N atoms in the presence of NH; The value for the NHj reaction is

discussed in terms of energy transfer.

INTRODUCTION

Previous investigations (1) have indicated that the reaction of active nitrogen with
C.H, involves a direct attack of nitrogen atoms on the hydrocarbon, with production of
HCN to the extent of about 969, of the nitrogen atoms destroyed. On the other hand,
the corresponding reaction of NIH; (2) appears to involve its destruction by excited
nitrogen molecules. The maximum extent of NH; destruction, by active nitrogen, pro-
duced in a condensed discharge, is about one sixth the maximum production of HCN
from CsH, and other hydrocarbons. The reaction with NH; appears to be unaffected
in extent by increase in reaction temperature, and to proceed at a quite rapid rate (2).
With active nitrogen produced by a microwave discharge, Kistiakowsky and Volpi
observed (3) that addition of NHj; partially quenched the yellow nitrogen afterglow,
without measurable destruction of NHj3, or decrease in N-atom concentration, as measured
by a mass spectrometer. These authors estimated that the rate constant for a reaction
between N atoms and NHj; must be less than 10® cc mole® sec™. Since the reaction
N+ NH; = NH + NH, is endothermic to the extent of approximately 19 kcal, while
the process N 4+ NH; = N, 4+ Hs 4+ H conflicts with spin-conservation rules, they
concluded that the efficient quenching of the afterglow was due to reaction between NH;
and electronically excited nitrogen molecules. The concentration of the latter was esti-
mated to be very low in the active nitrogen produced by the microwave discharge.

Further evidence that the destruction of NH; does not involve N atoms, in the rate-
controlling step, is provided by the observation that addition of excess NH;j to active
nitrogen of microwave origin does not affect the ability of the active nitrogen to destroy
nitric oxide (4). Moreover, it has recently been established (5) that its addition to active
nitrogen produced by a condensed discharge, wherein appreciable destruction of NH;j is
observed, does not decrease either the ability of the active nitrogen to destroy NO, nor
its capacity to produce HCN from C.H4 Hence, if the concentration of nitrogen atoms
indicated by reaction of active nitrogen with NO is greater than that inferred from the

1T his work supported by the Geophysics Research Directorate, Air Force Cambridge Research Division, and by
the Defence Research Board of Canada.
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maximum production of HCN from C,H,, as observed by Verbeke and Winkler (6), and
this discrepancy is due to reactions of NO with excited nitrogen molecules, as these
authors suggest, the excited molecules responsible for NH; decomposition might not be
the same species as those responsible for reaction with NO.

Since NH; quenches the afterglow which originates in a transition between the B
and A states of the nitrogen molecule, it seemed reasonable to assume (3) that No(BI,)
was probably responsible for the destruction of NH;. However, recent work (7) has
indicated that other precursors of the afterglow, such as the 5Z,* state, might also be
involved. The destruction of NH; has also been attributed (8) to the .13Z,* state of the
nitrogen molecule, with a lifetime of at least 10~2 second (9, 10). This suggestion seems
more plausible if it is assumed that the 43Z,* molecules responsible for NH; decomposition
have sufficient vibrational energy to permit crossover (7, 11) into the B state at vibrational
levels high enough to give rise to at least part of the Lewis—Rayleigh nitrogen afterglow.
Although vibrationally excited ground-state nitrogen molecules have a long lifetime
(12, 13), and certain levels of this state could cause the decomposition of NHj (14), it is
difficult to see how their removal by NH; would affect the afterglow (15).

The results of Kelly and Winkler (8) indicated that the excited nitrogen molecule
responsible for NHj destruction is probably formed during homogeneous decay of nitrogen
atoms. However, measurable amounts of NH; destruction have been observed only in
active nitrogen produced by a condensed discharge, and it has been suggested (4) that
the production of excited molecules might depend upon the mode of excitation of the
nitrogen. In fact, recent studies of Beale and Broida (16), and Young and Clark (15),
have indicated a large number of energetic species that may survive, at low concen-
trations, into the afterglow region. On the other hand, if the excited molecule is formed
during homogeneous decay of 45 nitrogen atoms, its concentration should be proportional
to the square of the N-atom concentration, and, consequently, should be quite small in
active nitrogen produced at low concentrations in a microwave system. It might be
difficult, therefore, to detect destruction of NH; in such a system, even if the rate constant
for the over-all reaction is relatively high.

The rate of reaction of active nitrogen with unsaturated hydrocarbons is quite fast (1).
At the time this study was begun, no accurate determination of the rate constant for
these reactions had been reported, although Greenblatt and Winkler (17) had obtained
a rough estimate for the rate constant of the active nitrogen — ethylene reaction by a
diffusion-flame technique. The average value, at a reaction temperature of about 52° C,
was 4.0 10 cc mole™! sec™™.

The purpose of the present work was to compare the rate constants, by a method
involving variation in time of reaction, for the reactions of active nitrogen with C.H,
and NH,. Active nitrogen was generated at relatively high concentrations in a condensed
discharge (1), so that the ammonia reaction proceeded to an easily measurable extent.
The reactions were terminated in the gas phase, after different times of reaction, by
“flooding” the reaction mixture with another reactant. The reactions were studied only
in an unheated reaction vessel, with temperatures in the reaction zones up to about 105° C
with ammonia and 151° C with ethylene.

The rate constant for the NH; reaction presumably corresponds to the over-all reaction

N.* 4+ NHjy — NH;* 4+ N, — decomposition products + No, !

where N,* and NH;* represent excited molecules. The previous studies of Freeman and
Winkler (2) and Willey and Rideal (18) both indicated that the products of this reaction
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are only Noand Ha. Asin the photodecomposition of NH;j (see, for example, reference 19),
the excited NH; molecule probably breaks down to an hydrogen atom and the NI,
radical, which is then followed by the reaction

2NH, — N, + 2H.. 2]

EXPERIMENTAL

The condensed discharge was operated for a ““warm-up” period of at least 20 minutes prior to each experi-
ment of 100-seconds duration. The reaction vessel was a straight, pyrex-glass tube of 25-mm i.d., with a
fixed reactant jet 14.5 cm below the discharge and a mobile reactant jet (20) that could range from 0.1 to
45 cm below the fixed jet. Both jets contained six small holes placed symmetrically around their bulbous
ends to produce an even flow of reactant into the active-nitrogen strean.

Because of the complicating reactions of hydrogen atoms with NH; at higher temperatures (2), the
present experiments were made in an unheated reaction vessel. The pressure in the system was 3 mm of Hg,
with a flow rate of molecular nitrogen of 378X 1076 mole sec™?, corresponding to a linear flow rate of 478
cm sec™. The apparatus was ‘‘poisoned’” against nitrogen-atom recombination by the introduction of less
than 0.03X107% mole sec™! of water vapor to the molecular nitrogen before the discharge. Such a small
quantity of water vapor does not appear to affect the reactions of active nitrogen (21), but is an effective
“poison’” for wall recombination of atoms (22).

Nitrogen (Linde “bone-dry’’) was used without further purification, except during experiments in the
“unpoisoned’ system, when a liquid-air trap was used to ensure that no traces of moisture remained in the
gas. Commercial NO (Matheson Co.) was freed from nitrogen by evacuation, while the NO was kept at
liquid-nitrogen temperature; N.O, was removed by three distillations of the NO from a bath held at —78° C.
Anhydrous ammonia (Canadian Industries Ltd.) and C. P. ethylene (Ohio Chemical Co.) were used after
three bulb-to-bulb distillations during which only the middle fractions were retained. The reaction products
were trapped at liquid-air temperature, and the production of HCN, or destruction of NHj, was followed by
the usual titration method.

The coucentration of nitrogen atoms available for reaction at the fixed upper jet was estimated by the
two methods in current use, i.e., by a gas-phase titration with NO (23, 24), and from the maximum pro-
duction of HCN from C.H, (1, 8).

RESULTS

After the 20-minute warm-up period, the temperature of the active-nitrogen stream,
as measured with a glass-encased thermocouple 3 cim below the fixed jet, was found to be
constant, for about 5 minutes, at 106° C in the “poisoned’ system, and at 85° C in the
“unpoisoned’” system. The temperature measured during the C,H, reaction, at flow
rates of ethylene in the plateau region (see ref. 1), was 151° C in the ‘‘poisoned” system.
The addition of excess N ; to the active nitrogen caused a decrease of 1° to 2° C in both
the ‘“‘poisoned” and ‘“‘unpoisoned’ systems. Possibly the reaction of NH; with No*
removed a species from active nitrogen, which otherwise readily loses energy to the wall.

In the “poisoned’ system, the maximum, or ‘plateau value’’, production of HCN
from C.Hy4, when the reaction products were trapped 120 cm downstream from the fixed
jet, was found to be independent of the reaction temperature in a cylindrical reaction
vessel (5, 25) and indicated a flow rate of N atoms equal to 24.7 X 107% mole sec™ at the
fixed upper jet. The NO “‘titration’ indicated a flow rate of N atoms equal to 45.0 X 106
mole sec™ at the same point. The ratio NO/HCN of 1.8 is similar to that found by
Verbeke and Winkler (6) at a pressure of 3 mm. This discrepancy between the two
methods for estimating the N-atom concentration will be discussed elsewhere (5). Both
values are used for calculating rate constants in the present study, to enable comparison
with published values that are based on N-atom concentrations inferred from either
method.

The experimentally observed quantities were measured as flow rates. These may be
expressed as concentrations for calculations of rate constants by a multiplying factor equal
to the ratio of molecular nitrogen concentration in the system, determined from the ideal
gas law to be 1.43;X 1077 mole cc™t at 3 mm and 25° C, to the molecular nitrogen flow
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rate. The numerical value of this factor at 25° C was 3.79 X 10~* sec cc™!. The same value
was used for other temperature conditions encountered in the study, since neither the
pressure within the system, nor the linear flow rate of gas, showed appreciable variation
with temperature between 25° C and 106° C, with the discharge off and on respectively.
The flow rates mentioned above for the ‘‘poisoned’’ system corresponded to concentrations
of N atoms at the fixed jet of 1.7,X10~% and 0.93;X 108 mole cc™! for the NO and HCN
methods respectively. In the “unpoisoned’ system, the two methods indicated N-atom
flow rates of 18.0:X10~¢ and 10.6X107% mole sec™, corresponding to N-atom concen-
trations of 0.68;X10~% and 0.40,X10~% mole cc™* respectively.

The Reaction with Ethylene

The addition of an excess of NO (46.0X10~% mole sec™?) through the mobile jet, at
different levels downstream from C,H, introduced through the fixed upper jet, was found
to decrease the HCN production from C.H,. The HCN production was reduced by only
about 59, when NO was added at the 45- and 80-cm levels downstream, compared with
the amount normally produced when the reaction was allowed to proceed to completion,
i.e., for 120 cm, before the products were trapped. However, addition of NO at distances
of 15, 10, 5, and 1.2 cm below the C.H; inlet, corresponding to reaction times with C.H,
of 31.4, 20.9, 10.5, and 2.5 milliseconds respectively, decreased HCN production to a
larger extent, as indicated by the results in Table [. The very rapid reaction of NO with
nitrogen atoms (26) appeared to terminate the C,H, reaction, by the rapid removal of
any N atoms remaining in the gas stream.

TABLE I
Second-order rate constants for N+C.H, at 150° C

Reaction time, Flow rate of CoH;, HCN recovered, kno,* kron, T
milliseconds  mole sec™? (X108 mole sec™ (X108) ccmole?sec™( X109 ccmoleTsec™! (X 1079)
31.4 46.0 22.6 1.59 5.91
20.9 46.0 22.0 2.29 7.88
10.5 46.0 18.9 (23.0) 3.6(4.9) 9.7 (19.5)
10.5 16.0 10.5 (13.3) 5.6 (8.2) 12.6 (18.9)
2.5 46.0 15.9 (18.1) 10.5(13.9) 24.3 (36.2)

*kNo is calculated for [N]o = 1.70X 1078 mole cc~! (based on NO titration).
tkHCN is calculated for [N]o = 0.93sX 10~8 mole cc~! (based on maximum HCN production).

Rate constants were calculated from the integrated second-order rate equation,
assuming that the initial N-atom attack on CsH,is rate determining for HCN production,
and that 1 molecule of C.Hy yields 1.5 molecules of HCN (1, 5) under the prevailing
conditions. The equation then takes the form

po 15 2303 | ble =)
t a—1.5b p—-X
a( 1.5)

where x represents the concentration of HCN produced, and the other symbols have their
usual significance.

When NO was added at distances of § cm or less from the C.Hy jet, considerable
reaction of N atoms with NO occurred (the green NO. glow was observed), and conden-
sation of ozone became a hazard. This was avoided by placing silver wire in the gas stream
just before the trap, to remove oxygen atoms. However, the presence of silver oxide
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decreased the amount of HCN recoverable by distillation from the product trap, and
this decrease persisted even when the C,I, reaction was allowed to go to completion,
i.e., when no NO was added. The previously established HCN production for complete
reaction at the particular initial flow rate of CsHy used could be reproduced only after
the product trap was cleaned with acid. This decrease in recoverable HCN was slightly
variable, and a normalization factor for HCN loss was derived by making an experiment
at the same C.H, flow rate, but without added NO, immiediately following each reaction
that involved addition of NO at distances of 5 cm or less. The figures in parentheses in
Table I are normalized in this way, to take into account the loss in HCN when silver
oxide was present in the system. The normalization factor for a reaction time of 10.5
milliseconds, at a flow rate of 46.0X10~% mole sec™! of C.H,, was apparently a little too
high, but the rate constant, based on an initial N-atom concentration inferred from the
NO titration, lies somewhere between 3.6X10° and 4.9X 10° cc mole~! sec™.

The values for the rate constant must be considered as minima, since the method
assumes that neither NO, nor oxygen atoms, interferes with the production of HCN
from the reaction of nitrogen atoms with ethylene. The averages (27) of the normalized
values for the rate constant, based on the two methods for estimating the initial N-atom
concentration, are kyo = 6.2X10° cc mole! sec™! and kgzcx = 1.8 X10¥ cc mole™ sec™.
These are in fair agreement with the value previously obtained by observations on the
length of the reaction flame (17).

The Reactron with Ammonia

Flooding the NHj - active nitrogen mixture with NO, to terminate the NH; reaction,
would not be satisfactory because of the reaction of oxygen atoms with NH;, and the
reaction of NO with its decomposition products (19). However, it was found that the
extent of NH; destruction was decreased by the addition of excess C2Hg4 (in the range
52X 107 to 60X 107% mole sec™ in the “poisoned’ system, and 46 X105 mole sec™ in
the “unpoisoned’ system) at the 45-, 30-, 15-, and 1.2-cm levels below the NH; inlet,
corresponding to times for the NH; reaction of 94.3, 62.7, 31.4, and 2.5; milliseconds
respectively. For a given flow rate of NHj, the decrease became larger as the C.H, was
added closer to the NH; jet, and, at each level, became smaller as the flow rate of NH;
was increased. The results are summarized in Table II.

It appeared that the excess of Csl14 quickly removed not only the N atoms remaining
in the gas stream, but probably also removed (14) most of the excited nitrogen molecules
remaining in the system. Experiments in which C,H, was added at 15 and 30 cm above the
point of introduction of NHj; showed that the ability of active nitrogen to decompose
NH; was completely destroyed. It should be noted that, even though C.H, could de-
activate many possible forms of No* and became itself excited by a collision of the second
kind, direct formation of HCN from this reaction is highly unlikely. Moreover, subsequent
production of HCN from a possible breakdown product of the excited C.H,, such as
C.Hj; or CH;, would still require consumption (14) of N atoms.

Experiments in the ‘‘poisoned’” system, with a flow rate of NH; of 2.5,X 10~¢ miole sec™,
represent those where the amount of NH; introduced is less than the maximum amount
of NHj destroyed (4.50X10~% mole sec™) at high flow rates of NHj, when the reaction
goes to completion. Under conditions of complete reaction, no NH; is recovered at an
initial flow rate of 2.5,X107% mole sec™?, and it appears, from the reaction for 94.3 milli-
seconds, that about 909, of the NH; introduced at that flow rate is destroyed at the
45-cm level. In all other experiments in the “‘poisoned’” system, the initial flow rate of
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TABLE 1I
Second-order rate constants for reaction of NH; with active nitrogen

Initial flow rate
Time of reaction, of NHj, NH; destroyed, Bobs™
milliseconds mole sec™! (X 10%) mole sec™! (X 108) cc mole™ sec™ ( X 10710)

“Poisoned’ system: reaction temperature ~104° C

94.3 2.5 3.2 2.2
: 8.0y 3.2 0.60

12.5 3.9 0.60

2.5 1.8s 1.9

62.7 8.0 2.5 0.47
12.5 3.1 0.46

2.50 1.2 1.5

2.5y 1.2, 1.5

314 8.0, 1.9 0.53
12.5 2.0¢ 0.4+

2.5 0.3 3.8

8.0y 0.8 1.7

2.5, 11.7 1.07 2.6
12.5 1.4 3.5

“Unpoisoned” system: reaction temperature ~83° C

94.3 2.2 0.9 1.6
62.7 2.2 0.8; 2.3
31.4 2.8, 0.67 1.8

*kops based on initial [active nitrogen] given by maximum amount of NHj destruction = 1.7¢X 10~? mole cc™t,
“poisoned”’ system; = 0.55;X 107 mole cc~!, “‘unpoisoned’ system.

NH; is greater than the maximum destruction of NHj; when the reaction goes to comple-
tion. At an initial flow rate of NH; of 12.5X 1079 mole sec™?, its destruction at the 45-cm
level appears to be only 889 of the maximum destruction obtained at this flow rate
when the reaction is not interrupted by the addition of C,H, In the “unpoisoned”
system, the initial NH; flow rates are slightly larger than the maximum destruction of
NH; for complete reaction, 1.47X107% mole sec™.

The selection of a value for the initial concentration of active nitrogen at the fixed jet,
capable of reaction with NHj, poses a problem. If one assumes that the reaction is due
to excited molecules produced directly in the discharge, or formed by homogeneous
recombination of N atoms between flashes within the discharge (8), the most obvious
value to use for [No*]mua would be the maximum destruction of NH; when the reaction
goes to completion. When the reaction was allowed to proceed to the trap (120 cm from
the fixed jet), the extent of NI; destruction in the “poisoned” system increased only
by 0.2X107% mole sec™! for an increase in NI; flow rates from 8.0,X10~° to 13.0xX10-¢
mole sec™l. In the “unpoisoned’” system, the extent of NHj destruction after complete
reaction (1.4;X107% mole sec™!) was quite independent of the initial flow rate of NHj
between the same limits. These “plateau’ values for NH; destruction indicated concen-
trations of active nitrogen capable of NI; destruction, at the fixed jet, of 1.7¢X10~*
and 0.556X 10~ mole cc™!, in the “poisoned’” and “unpoisoned’ systems repectively.

Using these values for [No*]mma, second-order rate constants were calculated for the
destruction of NH; by active nitrogen, o the assumption that excitation of NH;, by a
collision of the second kind, leads to its dissociation with an efficiency of 1009, at the
pressure of 3 mm used in the experiments. Precedent for the latter assumption is obtained
from the observation that the photolytic decomposition of NH; proceeds with a primary
quantum yield of unity (see ref. 19). The absence of collisional transfer of energy from
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excited NH; to NO, added as a radical scavenger, at a pressure of 4 mm or less, has been
explained (28) by a very short lifetime of the excited NHj; molecule.

The calculated values of k4,5 agreed well for initial flow rates of NH; of about 2.5 X 109
mole sec™?, at different reaction times, in both the “poisoned’ and ‘‘unpoisoned’ systems.
However, consistently lower values were obtained for higher initial low rates of NHj,
except for the shortest reaction time. The average value of kg, for all reaction times at
the lowest flow rate of NH;, and for the shortest reaction time for all flow rates, was
found to be 2.2X10Y cc mole~!sec™! (27). For the “poisoned” system, the experiments
with higher initial flow rates of NHj, and reaction times greater than 2.5, milliseconds,
gave an average value of 0.52X10% cc mole~!sec™L.

DISCUSSION
The Reactron with Ethylene

The few experiments on this system indicated a minimum value for the second-order
rate constant that compares well with two recently published values.

Herron (29) obtained an average value of 5.8 X10 cc mole™! sec™! over the temperature
range 200 to 330° C. The N-atom concentration was measured with a mass spectrometer
after a fixed reaction time, with negligible decomposition of CsHy. The “‘absolute’ value
of the N-atom concentration was estimated by the NO titration.

Milton and Dunford (25) obtained a value for & of 9.63 X10% cc mole™ sec™?, at 40° C,
by a flame-diffusion technique. The initial N-atom concentration was inferred from the
maximum production of HCN from ethylene. The method differed from that of Greenblatt
and Winkler (17) in that the active nitrogen diffused into the hydrocarbon reactant.
However, the flame technique must assume that the flame, emitted mostly by excited
CN radicals (30), parallels the reaction of which the rate is presumably measured:

k

In fact, Bayes has recently presented evidence (31) that, for certain organic reactants at
least, light emission in active-nitrogen reactions may be initiated by a second reactive
species, possibly 4%Z,* metastable nitrogen molecules.

Although the minimum values, obtained by the present method, had to be normalized
as outlined earlier, the method does involve variation of the fundamental reaction para-
meter, time, and an analysis for the products of the reaction of which the rate is pre-
sumably measured. With decrease of reaction time, the rate constant shows a trend
toward higher values, and improved agreement with those obtained by the other methods
(25, 29). Complicating factors probably became more significant at larger reaction times
in this system, e.g., loss of N atoms by recombination at the wall, and disappearance of
CH;- radicals, produced in reaction (3], by reactions other than their rapid attack by
N atoms to produce HCN (1).

The Reactron with Ammonia

The addition of excess C.H, appeared to terminate the NH; reaction satisfactorily,
since calculation of rate constants, at least for low flow rates of NHj;, in the ‘“poisoned”
system, gave reasonably constant values for &4, after different reaction times. Moreover,
the few experiments in the “unpoisoned’ system, with its lower active-nitrogen concen-
tration, gave values of kg, similar to those obtained at low NH; flow rates, or at the
shortest reaction time, in the “poisoned’ system. Since addition of C.H4 always caused
a decrease in the amount of NH; destroyed, reactions of NHj; with C.Hy, or its decompo-
sition products, appeared to be insignificant at the temperature of reaction.
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The variation in kg, for the over-all reaction leading to NH; decomposition, based on
an active-nitrogen concentration given by the maximum destruction of NH;, would seem
to give some information about the source of the reactive species in active nitrogen
responsible for NI; destruction. The values for k,,; decrease only in the ‘“‘poisoned”
system, for reaction times greater than 2.5, milliseconds, and initial flow rates of NH;
greater than 2.5, 107¢ mole sec™. This decrease indicates strongly that part of the N.*
responsible for NH; destruction is formed, in the presence of NHj, during the decay of
N atoms down the reaction tube. The work of Kelly and Winkler (8) suggested that the
N,* involved in destruction of NHy was formed during homogeneous recombination of
N atoms prior to introduction of NH;. Also, observations with a photomultiplier tube
(32) have shown that a decrease in the intense active-nitrogen afterglow, produced in the
present system, persists, upon addition of excess NHj, for at least 45 cm in a “‘poisoned”’
reaction tube.

It is possible to estimate a concentration of No* available for reaction with NHj, in
the “poisoned’” system, at the fixed jet. Studies on the decrease of “plateau’ values for
HCN production from Csl14 have indicated (5) that a concentration of N»* equivalent
to 1.5X10-% mole sec™* may be formed during homogeneous decay of N atoms between
the fixed jet and the 45-cm level. The maximum destruction of NH; observed after a
reaction time of 94.3 milliseconds shows that the maximum concentration of No* formed
between the 45-cm level and the trap is equivalent to a flow rate of 0.5; X107 mole sec™.
The maximum concentration of N»* formed after the fixed jet is then equivalent to
~2.1X107% mole sec™’. An approximation to the concentration of N,* available at the
fixed jet, deduced by subtracting this value from the maximum destruction of NH; for
complete reaction, is equivalent to a flow rate of ~2.4X10~% mole sec'. The NH;
destruction at a reaction time of 2.5; milliseconds, and a flow rate of 12.5%10~% mole
sec™! of NH;, gives direct evidence that a concentration of N.* equivalent to at least
1.45X107% mole sec™! is available at the fixed jet, since the formation of N»* from ter-
molecular recombination of N atoms is negligible in this reaction time.

The kg values suggest that most of the reaction of NHj, in the “poisoned” system, at
least at low initial flow rates, occurs with a slowly decaying N»* formed prior to the
fixed jet, at a concentration at least equivalent to 1.4;X10~® mole sec™1. Further reaction
appears to occur at a slower over-all rate, which is governed by the rate of formation of
excited nitrogen molecules during homogeneous decay of N atoms. At a flow rate of
2.50X107% mole sec™?, the maximum decomposition of NH; given in Table II is 2.2;X107¢
mole sec™, after a 94.3-milliseconds reaction time. Since the concentration of N.* required
for this destruction of NH; is probably available at the fixed jet, the calculated values
for ks at this low rate do not vary appreciably with reaction time. At the shortest
reaction time of 2.5; milliseconds, the concentration of Ny* available at the fixed jet is
sufficient to maintain the relation between extent of NH; destruction and reaction time,
even at the higher flow rates of NI1;, and consequently the calculated values of ks do
not show a decrease. (The experiment at a reaction time of 31.4 milliseconds, and an
initial low rate of NI ; of 8.04% 10~ mole sec™, indicates that the amount of N.* avail-
able at the fixed jet may be less than a flow rate of 1.9X107¢ mole sec™, since the calcu-
lated value for kg, for this experiment falls into the low range of values.)

In the “unpoisoned” system, ks values are not “low’” for initial flow rates of NHj
somewhat greater than the concentration of active nitrogen indicated by maximum NHj
destruction for complete reaction. However, in this system of low N-atom concentration,
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formation of No* beyond the fixed jet is probably insignificant, since recombination of
N atoms occurs predominantly on the wall. Experiments on the present system have
indicated (5) that homogeneous recombination in the ‘“‘unpoisoned’ system accounts
for only one eighth of the total decay of N atoms between the fixed jet and the 45-cm
level, whereas it accounts for about one half in the ‘“poisoned’ system.

From the previous discussion, the higher average value for kg, = 2.2 X10% cc mole™!
sec™! may be considered a more accurate measure of the over-all rate of reaction of active
nitrogen with NHj. This average value is probably a little low, since a rather large value
is used for the initial concentration of active nitrogen, capable of NH; destruction, in
the “poisoned’’ system. Nevertheless, this average value for kqys is as high as that obtained
for the fast reaction between N atoms and ethylene. It may be concluded, therefore,
that failure to observe NH; destruction in active nitrogen, produced by a microwave
discharge, is due to the low N-atom concentration, hence low Ny* concentration, and is
not due to a slow rate for over-all NH; destruction, nor to some unique characteristic of
active nitrogen produced by a condensed discharge.

Since energy is not transferred from excited NH; during the photodecomposition of
NH; (28), it may be assumed that its lifetime is probably very short at the pressure of
3 mm in the present system. Consequently, if the over-all reaction leading to NH;
decomposition is represented by

ks

Ng* 4 NH; &—— NHz* 4+ N, f4]
-1
ks

NH;* — NH, + H, 5]

a steady-state approximation for the rate of change of [NH;*] leads to the following
expression for the over-all rate of the reaction:

—d[NH;]/dt = ky[NH3*] = ki[No*|[NHg]. (6]

This corresponds to the ‘low pressure’” form of the rate expression for unimolecular
decomposition. The values of ks may then be identified with k), the rate constant for a
process involving a collision of the second kind.

If the exchange of energy occurred on every ‘‘kinetic’’ collision, the value of the rate
constant would be approximated by the rate of binary collisions for molecules of moderate
dimensions at room temperature, i.e., 1017 cc mole™! sec™! (33).

Terenin and Ermolaev (34) have shown that simultaneous transition, in which the
total spin is conserved, can have a high probability of occurrence. Kistiakowsky and
Volpi (3) suggested that decomposition of NH; by N»* in, say the B, state, could well
occur as the result of an inelastic collisionn in which total spin is conserved, and in the
course of which the nitrogen molecule undergoes a triplet-singlet transition to the
X'Z,* ground state, while the NH; molecule undergoes a singlet—triplet transition to an
excited state capable of decomposition. However, these authors (3) were doubtful of the
high efficiency of the transfer of energy to NHj; molecules required in this mechanism.
The present study indicates that the transfer of energy need not be particularly efficient,
especially since it appears to occur with an excited state of the nitrogen molecule of rather
long life.

Electronic energy transfer is probably greater for molecuitles when there is a large overlap
of the emission spectrum of the donor and absorption spectrum of the acceptor, and when
both radiative transitions have a high probability of occurrence (35). In the present
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system, although the over-all reaction conserves spin, the transition in the N, molecule,
for example, is not optically allowed, whether the N,* molecule be in the B, or 432,
(the Vegard—Kaplan bands) states. Consequently, the mutual coupling would not be as
strong as it would be (36) if the corresponding optical transitions in both molecules were
allowed for electric-dipole radiation. The impact between electronically excited nitrogen
molecules and NH; probably corresponds more closely to that involving triplet—singlet
transition, with a value for the rate constant for energy transfer of 4.8 X10° cc mole—! sec!
(34), than to the sensitization of the fluorescence of perylene by 1-chloroanthracene,
which involves a singlet—singlet transition and gives a value of &y (corresponding to k
of ref. 35) of the order of 10% cc mole~! sec™ (37). If the N»* molecule capable of donating
the energy to NH; is in the 4 state, the lower cross section, or probability of energy
transfer, in the present system, may be compensated, as in the system studied by Terenin
and Ermolaev (34), by the long lifetime of the donor molecule, the excited N, molecule
in this case.
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ABSTRACT

The hydrolysis of zirconium alkoxides with secondary or tertiary alkoxide groups Zr(OR);,
where R = Pr?, Bu®, Bu%, and Am¢, has been studied. The relatively low polymers formed by
the metal oxide alkoxides have been interpreted on the basis of structural models involving
octahedrally 6-co-ordinated zirconium.

INTRODUCTION

Previous work (1) on the hydrolysis of some primary alkoxides of zirconium showed
that polymeric oxide alikoxides [ZrQO,(OR) 4., were formed. A satisfactory interpretation
of the number-average degree of polymerization as a function of degree of hydrolysis
was developed on the basis of three structural models involving 6-co-ordinated zirconium
and identical with those originally proposed for titanium (2, 3). Model I was based on the
unsolvated trimeric alkoxide Zr;(OR):2 and gave rise to a series of co-ordination ~ con-
densation polymers having the general formula Zrj;y1y04(OR)sz45. The requirement of
relatively low polymers by this structural model was a consequence of the highly compact
structures which are made possible by the sharing of common faces of octahedra. Even
lower polymers are predicted by the solvated species Zr:(OR)s,(ROH)s (model II) and
Zr(OR)4,(ROH), (model I1T), where the zirconium achieves some or all (respectively) of
its increase in co-ordination by bonding with alcohol molecules instead of by intermolecu-
lar bonding with alkoxide groups. The degrees of polymerization of zirconium secondary
alkoxides (4) in benzene are lower than for the normal alkoxides, whilst the tertiary
alkoxides (5) are monomeric. This behavior was ascribed to the powerful steric effects of
secondary and, especially, tertiary alkoxide groups which prevent intermolecular co-
ordination. The steric effect thus provides an entirely different process for the formation
of low polymers and it was therefore important to study the polymeric nature of zirconium
oxide alkoxides involving secondary and tertiary alkoxide groups. In this communication
we report results on the hydrolysis of zirconium isopropoxide, sec-butoxide, tert-butoxide,
and tert-amyloxide under carefully controlled conditions.

EXPERIMENTAL AND RESULTS
Zirconium Alkoxides
These were prepared and analyzed using previously described methods (4, 5). The sec-
and tert-butoxides and the feri-amyloxide were redistilled 7z vacuo prior to each experi-

ment. The tetraisopropoxide was distilled in vacuo and then crystallized from isopropanol
as the solvate Zr(OPr?9),,Pr‘OH.

Ebulliometric Studies
The variation of number-average degree of polymerization with degree of hydrolysis
for the zirconium oxide alkoxides in their respective boiling alcohols was determined by
1For Part 11, see ref. 6.

2Present address: The University of Western Ontario, London, Ontario.
3Present address: Norwood Technical College, London, England.
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the ebulliometric method which was described in detail in a previous paper (1). In the
following tables we present the value for #» (the number-average degree of polymerization)
at each value of the degree of hydrolysis % (the ratio of water molecules added per metal
atom).
(a) Zirconium Isopropoxide
TABLE 1
(Initial concentration of zirconium isopropoxide = 0.382 g-mol. /kg isopropanol)

/ 0.000 0.115 0.269 0.462 0.761 1.043 1.329 1.612 1.905 2.19
n 1.91 2.17 2.52 2.99 3.84 5.48 9.49 12.8 16.0 20.3
Heale  2.00 2.17 2.44 2.89 4.06 6.57 17.55 — — —

The solution remained clear up to # = 2.19 but the next addition of water (to & =
2.47) caused precipitation. Values of 7., are derived from the theoretical equation
n = 6/(3—2k), which applies to the polymer series Zraurn03:(OR)agrs,(ROH) a1
model II based on the solvated dimer Zr:(OPr?)s,(PriOH).,.

(b) Zirconium sec-Butoxide

TABLE 1I
(Initial concentration of zirconium sec-butoxide = 0.101 g-mol./kg sec-butanol)

3 0.000 0.130 0.474 0.831 1.178 1.527 1.879
7 1.94 2.16 3.12 5.15 11.3 20.8 19.9
Neale 2.00 2.19 2.92 4.48 9.31 — —

The solution remained clear up to # = 1.879 but the next addition of water (to & =
2.235) resulted in unsteady readings on the differential water thermometer. The latter
phenomenon was ascribed to the presence of *‘unreacted’ water. Values of 74, are derived
from the theoretical equation » = 6/(3—2#k).

(c) Zirconium tert-Butoxide

When zirconium tert-butoxide was added to boiling tert-butanol in the ebulliometer
the thermometer readings were unsteady and gave rise to an abnormally high value for
the molecular weight of Zr(OBu’),, which is known to be monomeric in benzene (3).
However, it was shown that Zr(OBu'), was appreciably volatile in boiling tert-butanol
and that the ebulliometric method was inapplicable.

(d) Zirconium tert- Amyloxide

Successive additions of Zr(OAm?), to boiling fert-amyl alcohol gave a linear increase
of the elevation of boiling point (A7) with increase in concentration, and from the slope
of this, the correct (monomeric) value for the molecular weight of Zr(OAm?)s was cal-
culated. Unfortunately the line did not pass through the origin but gave a negative
intercept on the AT axis. It appeared that the first addition of Zr(OAm?¥), must be inter-
acting with some impurity in the tert-amyl alcohol (possibly water), so that the elevation
of the boiling point was less than it should be. This effect persisted in spite of various
attempts to purify the alcohol and at present it defies explanation. In the determination
of the molecular weight of Zr(OAm?)4 this effect could be ignored because several addi-
tions of alkoxide were made and the slope of the AT versus Am line was used for the
calculations. However, in the ebulliometric hydrolysis technique the molecular weight
of each zirconium oxide terf-amyloxide is determined from the AT value for a single
point and would be sensitive to errors in the absolute value of AT
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An empirical method was devised (7) for correcting the value of % to allow for this
deviation but the results are probably less accurate than for the other alkoxides.
Accordingly we show the results graphically in Fig. 1 but have not tabulated the data.
The initial concentration of Zr(OAm?Y), was 0.0584 g-mol./kg tert-amyl alcohol.
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Fic. 1. The hydrolysis of Zr(OPr?),, Zr(OBu?)s, and Zr(OAm¢); in their alcohols: @, Zr(OPr¢),;
A, Zr(OBu)y; W, Zr(OAm?)y; 11, n = 6/(83—=24); 111, n = 3/(8~k); IV, n = 2/(2—h).

Soluble Zirconium Oxide tert- Amyloxides

To establish the composition of zirconium oxide feri-amyloxides, samples (ca. 5 g) of
Zr(OAm*)s were hydrolyzed in boiling tert-amyl alcohol (ca. 25 cc) by the addition of
measured amounts of aqueous ferf-amyl alcohol (109% H.O, w/w). The solution of the
alkoxide was boiled under reflux and the lower, uncooled zone of the condenser was
plugged with Fenske glass helices. The latter ensured that the added aqueous alcohol
was rapidly mixed with the refluxing alcohol and thus diluted before entering the solution.
Refluxing was continued for % hour following the addition of water, and the solution was
allowed to cool and then evaporated at room temperature under a pressure of 0.1 mm.
When the product appeared to be free from alcohol the pumping was continued for
another hour. The product was then analyzed for zirconium. The results are given in
Table 11I. The calculated zirconium values are based on the formula ZrO,(OAm®) s,
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TABLE 1I1

% Zr
Ratio (%) of Nature of _ —
H.O: Zr(OAm¢), product Found Calc.
0.211 Viscous liquid 22.3 22 .4
0.360 Viscous liquid 23.6 23.8
0.597 Viscous liquid 26.8 26.4
0.780 Gum 28.2 28.8
0.982 Gum 30.2 321
1.007 Glass 31.3 32.5
1.340 Glass 38.2 40.1
1.691 Glass 42.4 53.0

and assume that hydroxyl groups are absent. Agreement between observed and calculated
percentage of Zr is satisfactory up to 2 = 0.780 but for higher values the observed values
are significantly lower than the calculated. However, these products were glassy and it
is possible that some solvent was tenaciously bound in the product.

Insoluble Products

(a) An Insoluble Zirconmium Oxide Isopropoxide

In the ebulliometric hydrolysis (Table I) of the isopropoxide no precipitation occurred
up to £ = 2.19 but the next addition of water (A = 2.47) caused the formation of a pre-
cipitate, which was dried and analyzed. Model IT would give an infinite linear polymer
Zr:03(0R):,2ROH, which should be insoluble. The insoluble zirconium oxide isopropoxide
was close in analysis to Zr.O3(OPr?). (found: Zr, 53.6; calc.: Zr, 52.49,).

(b) Insoluble Zirconium Oxide tert-Butoxides

A solution of Zr(OBu'), in fert-butanol was inadvertently exposed to the atmosphere
for <1 minute and during the following 2 days it deposited some needle-shaped crystals
(found: Zr, 27.0; Zr(OBu%, requires: Zr, 23.8; Zr.-O(OBu')s requires: Zr, 28.4; Zr,O;
(OBu’),,(Bu'OH),4 requires: Zr, 27.19%,). A hydrolysis product (2 = 1.01; found: Zr, 32.2;
Zr0; 01(0OBu?); g requires: Zr, 36.29,) was heated at 200° at 0.1 mm until the formation
of volatile products appeared complete. The volatile products consisted of a small quantity
of tert-butanol (sufficient to explain the low percentage of Zr of the original material) and
Zr(OBu')s. The insoluble, non-volatile residue was reasonably similar in composition to
that of the infinite trilinear polymer of model I (found: Zr, 40.9; Zr;0,{OBu’), requires:
Zr, 43.59%,). A material balance was in reasonable agreement with the following dispro-
portionation equation:

4/x[ZrO(0OBu?)sls — Zr;04(0But)s + Zr(OBut),.

DISCUSSION

Zirconium Oxide Isopropoxides

The variation of number-average degree of polymerization for zirconium oxide iso-
propoxides (Fig. 1) as a function of 4 is clearly in accordance with the predictions of the
theory (1) for model II species between z = 0 and 0.76. This behavior is particularly
significant because zirconium isopropoxide gives a relatively stable solvate which is dimeric
Zro(OPr¥),(Pr’OH), and lends strong support to the postulate of Bradley, Gaze, and
Wardlaw (2) that such solvated species might exist in solution. The coefficient of variation
for # (#eqe listed in Table I) for the region & = 0-0.76 is £4%,, which is of the order of
probable experimental error. For # > 0.76 the experimental values of z deviate signifi-
cantly from the n = 6/(3 —2k) equation with # less than #g.. This suggests that as the
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molar concentration of oxide isopropoxide decreases, solvation based on the monomer
species Zr(OPr?),, (PriOH): model III comes into play. It is interesting to note that
although the polymer series based on model I should form infinite polymers at 2 = 1.5
and these would be expected to be insoluble, nevertheless, no precipitation occurred
before %z > 2. According to the calculations of Bradley and Holloway (6) based on the
analogous structures for tantalum oxide ethoxides the failure to form insoluble products
at & > 1.5 may be attributed to a disproportionation of % between the model II and
model 11T series. However, this will not satisfactorily explain the present results because
it would be necessary in making %y < 1.5 to have ki > 2 in view of the high propor-
tion (839, at b = 1.612) of the model II polymers in the system. This suggests that at
k> 1.5 the hydrolysis is incomplete, although there was no indication of ‘“‘unreacted’
water in the ebulliometer. On the other hand the absence of precipitation at 2 = 2.19
adds support to the suggestion that hydrolysis is incomplete as i — 2. The situation is
further complicated by the interesting fact that the solid Zr:03(OPr?); which eventually
precipitated at & = 2.47 had a degree of hydrolysis near that required by the infinite
polymer of the model 11 series Zr;Q3;(OPr?),,(Pr'*OH)., although it lacked the co-ordinated
alcohol. Hence it appears that at & > 1.5, hydrolysis is incomplete, probably because of
the presence of Zr—OH groups, and that the value of hy for model II is less than
b for model I1I. The material which precipitates is the model II infinite polymer,
which loses its alcohol in the drying process.

Zirconium Oxide sec-Butoxides

The data in Fig. 1 show that the number-average degree of polymerization of a
zirconium oxide sec-butoxide conforms reasonably well to the prediction of the theoretical
equation # = 6/(3 —2k) based on the model II series over the range of hydrolysis # = 0-
1.2. Thus the coefficient of variation for # (7, listed in Table IT) for the first three points
is +4.5%, and for the first five points it is 12.59%,. We have already pointed out (6) that
n becomes rather sensitive to errors in 2 for 2 > 1 and the larger errors in the fourth and
fifth points is understandable. For 2 > 1.3 it is clear that further solvation is setting in
and that polymers from the model I1I series are present. The similarity of the » versus
h curves for the zirconium oxide isopropoxides and the zirconium oxide sec-butoxides
over the range k1 = 0-1.0 is quite striking. In fact zirconium sec-butoxide forms a crystal-
line solvate, Zra(OBu?)s,(Bu*OH)., but it is less stable than the solvated isopropoxide
and readily loses its alcohol of addition when dried ## wacuo. Actually the similarity in
hydrolytic behavior of these compounds is rather closer than might be expected. For
example, in boiling benzene Zr(OBu®), is less polymeric than Zr(OPr?), (4) and this is
believed to be due to a slightly greater steric effect of the sec-butoxide groups. Moreover,
as sec-butanol has a higher boiling point than isopropanol and it is believed that an in-
crease in temperature favors depolymerization and solvation of the alkoxide (3), we would
have predicted that the degree of polymerization of Zr(OBu*), in boiling Bu*OH should
be significantly less than that of Zr(OPr?), in boiling PriOH. Furthermore, we would have
expected the zirconium oxide sec-butoxides to exhibit lower values of # than the corre-
sponding oxide isopropoxides, whereas over a fair range in % (0.5-1.5) the opposite is true.

Zirconium Oxide tert-Butoxides

The high volatility of Zr(OBu?), in tert-butanol precluded the use of the ebulliometric
method of studying its hydrolysis. However, some ebulliometric experiments were carried
out with the view to determining at what value of % precipitation occurred. Values of
I > 2 were required, in one case & > 3.28, and this behavior suggested that hydrolysis
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was incomplete at the higher values of %, possibly due to the presence of ZrOH groups
which were stable in the boiling solution. Two interesting insoluble products were isolated.
A crystalline compound deposited when a solution of Zr(OBu*), in tert-butanol was inad-
vertently allowed to hydrolyze. The zirconium analysis corresponded to Zr:0;(OBu)s,,
(BuOH),, which is the species for &z = 1.5 in the solvated monomer model III series.
Unfortunately there is ambiguity concerning this type of compound because of the
alternative formulation involving say Zr(OH)(OR) in place of ZrO,ROH. Thus the above
formula could be rearranged to Zr.(OH);(OBu);BuOH, which is also not very different
from Zr(OH)(OBu);. The other insoluble product, obtained by the more extreme process
of thermal disproportionation at 200°, had a zirconium content a little less than that for
Zr;04(OBu?),, the infinite linear polymer for the unsolvated trimer model 1 series.
Under the conditions of this experiment we should not expect Zr—OH groups to survive
nor alcohol molecules to remain co-ordinated so it is not surprising that the product
conforms to the model I series. The tendency towards model I would also be expected
on the grounds that steric hindrance is alleviated by the small number of teri-butoxide
groups per metal atom.

Zirconium Oxide tert- Amyloxides

The data presented in Table I1I show that for & values up to about 0.78 the hydrolysis
of Zr(OAm?"), produces unsolvated zirconium oxide fert-amyloxides. The intractable
nature of the more highly hydrolyzed materials raises the doubt of whether or not they
were completely dried free from alcohol. Alternatively, the low zirconium analyses may
indicate the presence of solvated products or products containing ZrOH groups. Never-
theless it is clear that hydrolysis with the formation of zirconium oxide fert-amyloxides
is substantially complete for % up to about 1.0. The ebulliometric data shown in Fig. 1
suggest that the polymeric species in solutions are initially close to the requirements of
the solvated monomer model IIT (1) but tend towards the less solvated dimer model II
as the hydrolysis is increased. This is the type of behavior to be expected if powerful steric
effects are operating in the less-hydrolyzed species and thus preventing condensation
polymerization. As the number of tert-amyloxide groups per zirconium atom decreases
the molecules become capable of adopting the more compact structure of model II. An
alternative possibility is that another structural model I'V is adhered to by the zirconium
oxide tert-amyloxides. This is based on the solvated monomer Zr(OR)4(ROH); too but
the oxide tert-amyloxide species involve condensation through ZrOZr groups sharing
edges of the octahedra, as shown in Figs. 2 and 3. Structures in this model should conform

Fic. ?S The dimer Zr0(OR),,(ROH)s: @, Zr; ®, oxygen in Zr-O-Zr; O, oxygen in OR (R groups
omitted).
F1G6. 3. Section of the infinite polymer [ZrO:,(ROH).],,: ®, Zr; ®, oxygen in Zr-O-Zr.

to the equation # = 2/(2—h) and it is evident in Fig. 1 that the first five points in the
hydrolysis of Zr(OAm?), are in reasonable agreement with the predicted curve IV.
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CONCLUSIONS

1. The hydrolysis of zirconium alkoxides Zr(OR),, where R = Pr?, Bu?®, Bu‘, and Am?%
leads to the formation of polymeric zirconium oxide alkoxides having low number-average
degrees of polymerization.

2. No evidence of the formation of zirconyl compounds was obtained.

3. The variation of number-average degree of polymerization as a function of the degree
of hydrolysis for zirconium isopropoxide and zirconium sec-butoxide conformed to the
requirements of a structural model for the polymers based on octahedrally 6-co-ordinated
zirconium.

4. At high degrees of hydrolysis it appears that highly solvated species are present and
that hydrolysis may be incomplete in solution.
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ABSTRACT

An aldotetraouronic acid has been isolated by enzymic hydrolysis of a 4-O-methylglucurono-
xylan from the wood of white birch. It has been shown to be 0-4-O-methyl-a-p-glucosyluronic
acid-(1 — 2)-0-g-p-xylopyranosyl-(1 — 4)-0-8-p-xylosyl-(1 — 4)-pD-xylose.

In a previous communication (1) an account was given of preliminary results obtained
on treatment of a 4-O-methylglucuronoxylan from the wood of white birch with a com-
mercial pectinase preparation. The enzymic hydrolysis was carried out inside a semi-
permeable membrane (2) and the oligosaccharides formed were allowed to diffuse rapidly
through the latter, thus escaping further hydrolysis. Two series of oligosaccharides, one
neutral and the other acidic, were obtained in high yields. The shortest acid oligomer
formed was an aldotetraouronic acid. This paper is concerned with the structure of this
new compound.

RESULTS AND DISCUSSION

The mixture of sugars obtained after the enzymic hydrolysis was resolved into an
acidic and a neutral portion with an anion exchange resin. The sugar acids were separated
either by gradient elution from a charcoal-Celite column or by preparative paper
chromatography. The lowest acid was obtained as an amorphous powder, [a]p*® +23°, in
a yield of 119 of the original sugar mixture. Its rate of movement on the paper chromato-
gram was identical with that of an aldotetraouronic acid previously (3) isolated from a
similar polysaccharide. The values for methoxyl, carboxyl, and reducing groups indicated
the presence of an O-methylglucuronosyl xylotriose. Mild partial hydrolysis gave an
aldotriouronic acid (4) and xylose, while an aldobiouronic acid was formed under more
vigorous conditions. On oxidation with periodate, the compound consumed 5 moles of
oxidant with concomitant formation of 2 moles of formic acid. From the structure of the
parent polysaccharide (5), it appeared probable that the acid groups were attached to the
2-position of B-D-xylopyranose residues and that the latter were linked through their 1-
and 4-positions. Consideration of the three possible structures of the aldotetraouronic
acid showed that under these conditions only that alternative where the acid group was
located at the non-reducing end was compatible with the above results.

A specimen of the aldotetraouronic acid which had been obtained from the charcoal-
Celite column was methylated, first with dimethyl sulphate and alkali and subsequently
according to Kuhn and co-workers (6). The fully methylated sugar acid was subjected to
methanolysis, saponified, acidified, and resolved into an acidic and a neutral portion with
an anion exchange resin. The acid fraction, a fully methylated aldobiouronic acid, was
esterified and reduced with lithium aluminum hydride to give a partially methylated
disaccharide, which could not be induced to crystallize. Hydrolysis yielded equimolar
quantities of a di-O-methylxylose and a tri-O-methylglucose which were separated by
gradient elution from charcoal-Celite. The first sugar was identified as 3,4-di-O-methyl-
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D-xylose and the second as 2,3,4-tri-O-methyl-D-glucose. This shows that the methylated
aldobiouronic acid was methyl 2-O-[methyl(2,3,4-tri-O-methyl-a-D-glucosyl)uronate]-
3,4-di-O-methyl-D-xyloside. The neutral fraction contained only one compound,
characterized as 2,3-di-O-methyl-D-xylose, 2 moles being obtained per mole of tri-O-
methylglucose. A similar methylation of a specimen obtained by preparative paper
chromatography gave the same results.

Of the three structures possible for the aldotetraouronic acid, only the alternative
suggested by the periodate oxidation data would give 2 moles of 2,3-di-O-methyl-D-xylose
in the neutral and 1 mole of 3,4-di-O-methyl-D-xylose in the acid fraction after methano-
lysis. The results obtained by the methylation technique are therefore unequivocal. The
combined evidence shows that the acid isolated was O-4-O-methyl-a-D-glucosyluronic
acid-(1 — 2)-0--p-xylopyranosyl-(1 — 4)-0-8-D-xylosyl-(1 — 4)-D-xylose. The aldotri-
ouronic acid formed on mild partial hydrolysis was presumably 0-4-O-methyl-a-D-
glucosyluronic acid-(1 — 2)-8-p-xylopyranosyl-(1 — 4)-D-xylose, a compound which has
previously been isolated from several xylans. The corresponding isomer with the acid
group attached to the reducing xylose moiety of the triouronic acid does not seem to
have been obtained so far, probably because of the much greater stability of the first isomer
(3,7, 8). This stability is also indicated by the fact that hardly any aldobiouronic acid
was obtained on mild acid hydrolysis of the present aldotetraouronic acid.

The constitution of the other uronic acids, the physical characteristics of the neutral
oligosaccharides, and the possible mechanism of the enzymic hydrolysis will be discussed
elsewhere (9).

EXPERIMENTAL

All specific rotations were equilibrium values and were determined at 20° C. Melting points are corrected.
Evaporations were carried out at 40-50° C in vacuo.

Paper Chromatography

Sugars were separated by the descending technique on Whatman No. 1 or, for preparative purposes,
No. 3MM filter papers. Solvents (v/v) used were ethyl acetate — acetic acid — water in the proportions (A)
(9:2:2), (B) (3:1:3), or (C) (18:7:8); butanone-water (D) (89:11); and ethanol-benzene-water (E)
(47:200:15). Paper electrophoresis was carried out in 0.05 M borate solution with Whatman No. 3MM
paper at 700 volts for 5 hours. o-Aminodipheny! was used as a spray reagent (10).

Isolation and Preliminary Characterization of the Aldotetraouronic Acid

The enzymic hydrolysis and the isolation of the various oligosaccharides will be described in detail
elsewhere (9). Two methods were used for obtaining a chromatographically pure aldotetraouronic acid,
one involving gradient elution with aqueous ethanol from a charcoal-Celite column, the other separation
on strips of filter paper with solvent C.

The aqueous solution of the aldotetraouronic acid was neutralized with sodium bicarbonate to pH 2.5
and concentrated to 250 ml. The solution was treated with Amberlite IR-120 (acid form) exchange resin,
filtered, and evaporated to near dryness in wacuo at 25° C. Repeated evaporations from acetone gave a
white, {luffy material (5-6 g by each method), [e]p +23° (¢, 3.0 in water). Anal. Calc. for Cs2H36010:
OCHj3, 5.13%; equiv. wt. (acid), 604; equiv. wt. (reducing group), 604. Found: OCH;, 5.18%; equiv. wt.
(acid), 604; equiv. wt. (reducing group), 580 (11).

Partial hydrolysis at 100° C with 0.02 NV hydrochloric acid for 2 hours gave an aldotriouronic acid and
xylose, tentatively characterized from their rate of movement on the paper chromatogram with solvents A,
B, and C. Hydrolysis at 100° C with N hydrochloric acid yielded an aldobiouronic acid and xylose.

Periodate Oxidation of the Aldotetraouronic Acid

Samples of aldotetraouronic acid (30-40 mg) were dissolved in 0.05 M aqueous sodium metaperiodate
and the reaction was allowed to proceed in the dark at 30° C for various lengths of time. Remaining oxidant
was determined by the excess arsenite method. The results, given as moles per mole tetraouronic acid,
were as follows:

Time, hr 5 15 20 24 45 67
Periodate consumption 4.3 4.5 4.7 5.0 5.3 5.2
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Samples of tetraouronic acid (3040 mg) were dissolved in water (5-10 ml) and carefully neutralized
with 0.01 N sodium hydroxide. Periodate solution (50 ml) was added and the oxidation was allowed to
proceed in the dark. After the desired time, the reaction was interrupted by addition of excess ethylene
glycol. After 30 minutes, formic acid was determined either by titration with 0.01 N sodium hydroxide or
by the iodide—iodate method, the final titration being carried out with 0.01 N sodium thiosulphate in this
case. The two procedures gave identical results throughout. The following moles of formic acid per mole
of aldotetraouronic acid were produced:

Time, hr 24 48 72 96 240
Formic acid 1.8 1.9 2.0 2.1 2

.0

Overoxidation with periodate was apparently very slow with the aldotetraouronic acid. In contrast, a
sample of 2-0-(4-O-methyl-a-D-glucosyluronic acid)-D-xylopyranose, under the same conditions and within
the first 15 hours, consumed 6.0 moles of periodate with concomitant formation of 4.3 moles of formic
acid, the expected consumption of periodate being 2 moles with no formic acid produced.

The previously reported formation of 3 moles of formic acid on oxidation of the aldotetraouronic acid
(1) was due to an experimental error.

Methylation of the Aldotetraouronic Acid

Aldotetraouronic acid (4.0 g) was dissolved in water (100 ml) containing sodium bicarbonate (5.0 g).
Dimethyl sulphate (50 ml) and 409, (w/w) aqueous sodium hydroxide (50 ml) were added dropwise with
stirring over a period of 4 hours at 10° C in a nitrogen atmosphere. Solid sodium hydroxide (30 g) was
added, followed by dropwise addition of dimethyl sulphate (50 ml) over 1 day. The same amounts of re-
agents were then added once more. The reaction mixture was acidified to pH 2.0 with sulphuric acid and
extracted three times with chloroform. The chloroform solution was dried over anhydrous sodium sulphate,
filtered, evaporated to dryness, and dissolved in ethyl acetate. After filtration, the clear solution was
evaporated to dryness and further dried ¢z vacuo over calcium chloride to yield a crisp, white solid (4.4 g).

The partly methylated material was dissolved in dry dimethyl formamide (75 ml) (6), and silver oxide
(80 g) and methyl iodide (30 ml) were added. After the mixture had been shaken in the dark at 30° C for
1 day, silver oxide (60 g), methy! iodide (75 ml), and some Drierite were added. The mixture was shaken
for 3 days, after which the solid residue was washed with chloroform by filtration. The solution (1.5 liter)
was concentrated to 250 ml and washed once with 109, aqueous potassium cyanide and then twice with
water. The chloroform solution was dried with anhydrous sodium sulphate, filtered, and evaporated to
dryness to give a sirup (3.1 g). Anal. Calc. for C3:Hs5601s: OCHj3, 45.8%,. Found: OCHj,, 44.29,. The infrared
diagram indicated the absence of hydroxyl groups.
Methanolysts of the Aldobiouronic Acid and Separation of Acidic and Neutral Sugars

A portion of the methylated aldotetraouronic acid (2.0 g) was boiled under reflux with 0.7 N methanolic
hydrogen chloride in the presence of Drierite for 8 hours. After neutralization with silver carbonate and
filtration through Celite, the sirup obtained (2.1 g) was heated at 60° C in 5%, aqueous barium hydroxide
(50 ml) for 2 hours. Barium hydroxide was removed by additicn of solid carbon dioxide -and filtration
through Celite, and the solution was treated with Amberlite IR-120 exchange resin (acid form). After
filtration and concentration to 100 ml, the solution was added to the top of a column (3.5X15 cn) con-
taining Dowex 1-X4 anion exchange resin (acetate form). Neutral glycosides (765 mg) were removed by
washing with water (2 liters), followed by elution with 309, aqueous acetic acid (2 liters) for recovery
of acid glycosides (800 mg).

Characterization of Acid Fraction

The acid fraction was boiled under reflux with 0.7 V methanolic hydrogen chloride in the presence of
Drierite, after which the methyl ester — methyl glycoside was dissolved in dry tetrahydrofuran (50 ml)
and reduced in the usual way with lithium aluminum hydride (1.5 g). The partly methylated disaccharide
obtained, which could not be induced to crystallize, was boiled under reflux with N sulphuric acid (100 ml)
for 7 hours. After neutralization with barium carbonate, filtration through Celite, treatment with Amberlite
IR-120 exchange resin (acid form), filtration, and evaporation, a sirup was obtained (780 mg). Paper
chromatography (solvents D and E) suggested the presence of a di-O-methylxylose and a tri-O-methyl-
glucose.

The sugar mixture was dissolved in water (25 ml) and added to the top of a column (3.5X55 cm) con-
taining a 1:1 mixture of Darco G-60 charcoal and Celite. The sugars were separated by gradient elution
with 3 liters each of 109, and 30% aqueous ethanol. Fractions, 25 ml each, were collected at an average
rate of two per hour. Aliquots of 1 or 2 ml were withdrawn from every third test tube and examined by
paper chromatography (solvent E). Di-O-methylxylose was collected from fractions 48-70, tri-O-methyl-
glucose from fractions 140-210.

Identification of 3,4-D1-O-methyl-D-xylose
The colorless, clear sirup (275 mg) had [alp +21° (¢, 2.0 in water). Anal. Calc. for C:H1:05: OCH,,
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34.8%. Found: OCHj;, 34.0%. On paper electrophoresis and paper chromatography (solvent D), the com-
pound had a rate of movement identical with that of an authentic sample of 3,4-di-O-methyl-D-xylose. A
portion of the sirup (100 mg) was oxidized with bromine in the usual way (12). After removal of bromine
and hydrobromic acid, the aqueous solution was treated with Amberlite [R-120 exchange resin (acid
form) and evaporated to dryness. The remaining sirup was distilled at 150-200° C (bath temperature)
and 0.05 mm Hg to give a clear sirup (50 mg) which crystallized spontaneously. After three recrystalliza-
tions from a 1:1 mixture of ethyl ether — petroleum ether (h.p. 30-60° C), the 3,4-di-O-methyl-D-xylono-s-
lactone had m.p. 66-67° C, [alp —22° (¢, 1.0 in water). The 3,4-di-O-methyl-N-phenyl-D-xylosylamine,
after one recrystallization from ethyl ether — petroleum ether, had m.p. 119-120° C (13).

Identification of 2,3,4-Tri-O-methyl-p-glucose
The colorless, clear sirup had [a]p 4+71° (¢, 3.5 in water). Anal. Calc. for CosH1:05: OCHj3, 41.8%,. Found:
OCHj3, 40.0%,. The 2,3,4-tri-O-methyl- N-phenyl-D-glucosylamine had m.p. and mixed m.p. 143-144° C (14).

Identification of the Neutral Fraction 2,8-Di-O-methyl-D-xvlose

The neutral glycoside fraction was hydrolyzed in the usual way with N sulphuric acid to give a colorless,
clear sirup (650 mg). Paper electrophoresis and paper chromatography (solvent D) indicated the presence
of only 2,3-di-O-methylxylose. The sirup crystallized on standing, m.p. and mixed m.p. 93-94° C (15),
falp +22.4° (¢, 1.0 in water). Anal. Calc. for C:H40s: OCHjy, 34.8%,. Found: OCHj, 34.59%. The dimorphic
(16) 2,3-di-O-methyl-N-phenyl-D-xylopyranosylamine had m.p. 136.5-137.5° C, unchanged on further
recrystallization from ethyl acetate, and [a]p +148° (¢, 1.7 in ethanol). Anal. Calc. for Ci3H504N: OCHj,
24.59,. Found: OCH,, 24.59%,.

Second Methylation of the Aldotetraouronic Acid

A sample of aldotetraouronic acid (3.0 g), obtained by preparative paper chromatography, was methy!-
ated as described above. The molar ratio between the 3,4-di-O-methylxylose, 2,3,4-tri-O-methylglucose,
and 2,3-di-O-methylxylose obtained was 1:1:2,

Identification of Contponent Sugars

3,4-Di-O-methyl-pD-xylose.—This sugar had [«]p +20° (¢, 1.0 in water). The corresponding §-lactone had
n.p. and mixed m.p. 65-66° C.

2,3,4-Tri-O-methyl-D-glucose.—This compound had {alp +70° (¢, 1.0 in water). The aniline derivative
had m.p. and mixed m.p. 143-144° C. Calc. for Cy5H20;N: OCH;, 31.3%. Found: OCH;, 30.0%.

2,3-Di-O-methyl-D-xylose.—The crystalline compound had m.p. and mixed m.p. 91-92° C and [a]p +22°
(¢, 2.0 in water). Methoxy! content: 34.5%. The aniline derivative (16) had m.p. 142-143° C after three
recrystallizations from ethyl acetate - petroleum ether and OCH;, 24.3%.
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ABSTRACT

The heats of reaction of normal-, iso-, and secondary-buty! alcohols reacting with phenyl
isocyanate, the three tolyl isocyanates, and 2 ,4-tolylene diisocyanate were measured at 25° C,
using a differential calorimeter of the Tlan—Calvet type. The results are interpreted in terms
of substituent effects.

From bond energy considerations the heats of formation of phenyl isocyanate and tolyl
isocyanate have been estimated.

INTRODUCTION

Polyurethanes, formed by the reaction of a diisocyanate with a dihydroxy alcohol
or polyol, are playing an increasingly important role in plastics technology. There is a
lack of heat of reaction data for reactions of this type, and heats of formation for aryl
isocyanates and urethanes do not appear to be available. In view of this situation it
was decided to measure the heats of reaction of some simple alcohol-isocyanate reactions,
since these are relevant to the more complicated reactions giving rise to polyurethanes.
The reactions studied were those of normal-, iso-, and secondary-butyl alcohols with
phenyl isocyanate, the three tolyl isocyanates, and 2,4-tolylene diisocyanate.

The only heats of formation available concerning isocyanates are those of Lemoult
(1), who measured the heat of combustion of methyl and ethyl isocyanates. He reported
the heat of combustion of liquid ethyl isocyanate to be 424.4 kcal mole™, but reported
no analysis of the combustion products. Heats of formation do not appear to be available
for any urethane of the type R—NH-—COO—R’, although Kharasch (2) gives the heat
of formation of urethane itself. The heat of formation of a few di-N-substituted urethanes
are given by Schmidt (3). Recently Skinner and Snelson {(4) have determined the heats
of combustion of the four butyl alcohols at 25° C. The heats of formation of normal-,
iso-, and secondary-butyl alcohols in the liquid state were given as —78.4940.20,
—80.00+0.20, and —81.884-0.22 kcal mole™ respectively.

EXPERIMENTAL

Purification and Preparation of Materials

The normal- and iso-butyl alcohols used were Fisher Certified Reagents. Secondary-butyl alcohol was
a Fisher ‘‘Highest Purity” grade material. The alcohols were dried by refluxing over freshly ignited calcium
oxide for 4 hours followed by fractionation through a 40-cin column packed with short lengths of 4-mm
glass tubing. Only the middle fractions (collected at 117.7° 108.4° and 99.5° C for normal-, iso-, and
secondary-butyl alcohols respectively) were retained. The alcohols were tested for dryness using the method
suggested by Dyer, Taylor, Mason, and Samson (5). One or two drops of phenyl isocyanate were added
to a sample of the alcohol; if no crystals of insoluble sym-diphenyl urea formed the alcohol was considered
to be suitable for the experiments.

The phenyl and tolyl isocyanates used were manufactured by Eastman Organic Chemicals. They were
purified by double vacuum distillation, the last distillation taking place immediately prior to use. Analysis
of the distilled isocyanate using the Stagg technique (6) indicated that the isocyanates were between 99.59,
and 100.59, pure. The boiling points and '1pploximqte boiling pressures for the isocyanates were phenyl:
46° C, 5 mm; o-tolyl: 57° C, 10 mm; m-tolyl: 62° C, 5 mm; p-tolyl: 66° C, 10 mm. The 2,4-tolylene diiso-
cyanate was obtained from the Canadian Armaments Research and Development Estdbhshment at Val-
cartier, Que. It was treated as were the other isocyanates; the boiling point was 165° C at approximately
50 mm.

Canadian Journal of Chemistry. Volume 40 (1962)



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.6 on 09/05/12
For personal use only

LOVERING AND LAIDLER: THERMOCHEMICAL STUDIES 27

Urethanes were prepared by causing isocyanate to react with a small excess of alcohol; in certain cases
the reaction was catalyzed with ferric acetylacetonate. The urethanes were purified by recrystallization
from petroleum ether. The urethanes of m-tolyl isocyanate are liquids at room temperature; they were
purified by a double vacuum distillation, only the middle portion being retained in each case. In cases
where the urethanes have been previously reported the melting point of the prepared material was com-
pared with that given in the literature. In the cases of previously unreported urethanes a carbon and
hydrogen analysis was carried out. For each urethane prepared, the melting or boiling point and, where
appropriate, the literature melting point and the results of the elemental analysis are given in Table I.

TABLE I

Urethanes: melting points and analytical results

%, carbon 9% hydrogen
Literature
Urethane M.p. (°C) m.p. (°C)  Exptl. Theory Exptl. Theory

N-Phenyl-n-butyl 57.5 57 (7)
N-Phenyl-i-butyl 85.5-86.0 86 (7)
N-Phenyl-s-butyl 64-65 65 (7)
N-o0-Tolyl-n-butyl 45.5-46.0 45.5 (8)
N-o-Tolyl-i-buty! 41-42 70.05 69.52  8.27 8.27
N-0-Tolyl-s-butyl 42 .5-43.0 69.58 69.52 8.18 8.2
N-m-Tolyl-n-butyl 185 (b.p. at 5 mm) 69.75 69.52 8.61 8.27
N-m-Tolyl-z-butyl 183 (b.p. at 15 mim) 69.47 69.52  8.27 8.27
N-m-Tolyl-s-butyl 179 (b.p. at 20 mm) 69.53 69.52  8.67 8.27
N-p-Tolyl-n-butyl 63 63 (8)
N-p-Tolyl-i-butyl 52.5-53.0 70.01 69.52 8.25 8.27
N-p-Tolyl-s-butyl 32-33 69.86 69.52 7.95 8.27
N,N’-2,4-Tolylene-di-n-butyl 79 63.56 63.40 7.94 8.14
N,N’-2,4-Tolylene-di-i-butyl  122-123 63.07 63.40 7.90 8.14
N,N’-2,4-Tolylene-di-s-buty! 90-91 63.57 63.40 7.95 8.14
Calorimetry

The heats of reaction were measured using a differential microcalorimeter of the Tian—-Calvet (9) type.
The instrument was fitted with electronic amplifier and integrator circuits as described by Attree, Cushing,
Ladd, and Pieroni (10). It can be shown (9) that the area under the curve of amplified thermopile voltage
vs. time is directly proportional to the amount of heat which produces the thermopile voltage. It was
found experimentally that equal amounts of heat, liberated simultaneously in each cell of the calorimeter,
gave rise to a net area of zero, indicating that the two opposing thermopiles are properly balanced.

The calorimeter was calibrated electrically; a curve of total area against heat was constructed by
liberating various amounts of heat in the reaction cell of the calorimeter, and recording the resulting area.
Because of a tendency for the electronic components of the system to drift, the calibration was checked
after every measurement. This was done by duplicating, by electrical heating, the area due to the chemical
reaction. The electrical calibration procedure was checked by measuring the heat of solution of anhydrous
lithium sulphate crystals in water. The heat of solution for the process

LisSO; (c.) 4+ 220H,0 (1.) = LisS0;.220 (aq.)

was found to be —6.5420.10 kcal mole™!. This is in good agreement with the value of —6.61 kcal mole™!
obtained from the N.B.S. tables (11).

In order to compensate for the heat evolved on mixing the alcohol and isocyanate reactants, an amount
of urethane equivalent to the amount of isocyanate was dissolved in one cell of the calorimeter, while
the reaction took place in the other cell. Since the calorimeter is a differential one, the net heat measured
was that due to the heat of reaction.

The reaction cell assembly consists of a stainless steel capsule, with ends of aluminum foil, containing
either the isocyanate or the urethane. It is suspended in a glass cylindrical cell which contains the alcohol.
The reaction is initiated by piercing the ends of the cylinder with a length of wire held in place directly
above the capsule. There is a calibrating resistor in the cell containing the isocyanate. The cells are stirred
gently during the initial period of the reaction by a mechanical suction device; stirring was necessary
to obtain reproducible results.

There is a tendency towards the formation of disubstituted ureas instead of urethanes during alcohol-
isocyanate reactions., The tendency increases on going from normal to secondary to tertiary alcohols, and
also as the temperature increases (5). Dyer ef al. (5) report urea formation during the reaction between
phenyl isocyanate and secondary-butyl alcohol at 25° C. None was observed under our reaction condi-
tions. Because of the possibility of side reactions, however, the product of each reaction was examined



Can. J. Chem. Downloaded from www.nrcresearchpress.com by 210.87.254.6 on 09/05/12
. For personal use only : ,

28 CANADIAN JOURNAL OF CHEMISTRY. VOL. 0, 1962

in the following way. The solution of the product in alcohol (the final state after reaction) was examined
for the presence of crystals of the disubstituted urea (these ureas are insoluble in the butyl alcohols). The
excess alcohol was removed under vacuum and an infrared spectrum of the solid product was taken. This
was compared with the spectrum of the expected urethane, obtained from the previously prepared material.
Only in the case of the reaction between p-tolyl isocyanate and secondary-butyl alcohol was there evidence
of appreciable side reaction. Since only a few insoluble crystals were seen in the reaction vessel, the side
reaction was estimated to involve less than 59, of the isocyanate. No correction to the observed heat
was made; such a correction will be small since the reaction involving tertiary-butyl! alcohol, which yields
considerable urea, gives approximately the same heat of reaction as do the reactions which yield only
urethane as product.
The calories used in this paper are defined calories, equal to 4.1840 joules.

EXPERIMENTAL RESULTS

The heats evolved per mole when normal-, iso-, and secondary-butyl alcohols react
with phenyl isocyanates, the three tolyl isocyanates, and 2,4-tolylene diisocyanate, are
given in Table II. In the table the weight of isocyanate used is given, as well as the
heat measured experimentally. The measured heat is the heat evolved when the given
weight of isocyanate is introduced into 10 ml of the given alcohol, less the heat evolved
when a weight of urethane equivalent to the isocyanate is dissolved in 10 ml of the
alcohol. The heat of reaction in kcal mole™ calculated from the measured heat is also
given in the table. The molecular weights of the isocyanates were taken to be for
phenyl, 119.12; for tolyl, 133.14; and for 2,4-tolylene diisocyanate, 174.06.

In the case of certain reactions, a catalyst was used to shorten the reaction time and
decrease the experimental error due to drift in the electronic components of the calo-
rimeter over long periods of time. The heats of reaction measured in the presence of a
catalyst are clearly marked in the table. In order to be certain that the added catalyst
did not affect the heat of reaction, certain reactions were measured with and without
a catalyst. As expected, the presence of catalyst does not affect the heat of reaction. The
catalysts used were either ferric acetylacetonate or dimethylcetylamine.

Although the experimental deviation is usually less than 39, for each reaction, we
have attached a somewhat larger experimental error to our work because of our inability
to detect side reactions, unless they are appreciable. The estimated error for each reaction
is given in the table.

DISCUSSION

The heats of alcohol-isocyanate reactions do not appear to have been previously
measured, and there are insufficient heat of formation data to permit their calculation.
Consequently no comparison with previous measurements is possible. The heats of
formation of the isocyanates can, however, be estimated using an empirical bond energy
scheme. The scheme used is that devised by Laidler (12) together with certain modifica-
tions to it which are applicable to aromatic ring compounds.

Lemoult’s value for the heat of combustion of ethyl isocyanate (424.4 kcal mole™)
has been used without correction to calculate the heat of atomization of ethyl isocyanate
as 976.3 kcal mole™.. The bonds contributing to this value are

c1-+3p+2s+n = 976.3,
where, following Laidler, the carbon—carbon bond energy is ¢, primary carbon — hydrogen
bonds are represented by p, and secondary carbon — hydrogen bonds by s. The contri-
bution to the heat of atomization by the isocyanate group is denoted by =. Laidler
gives values of 85.40, 98.96, and 98.23 kcal for the contributions to the heat of atomiza-
tion of a compound in the liquid state for ¢, $, and s respectively. From these values
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and the heat of atomization of ethyl isocyanate, the value of #, the bond energy of
the isocyanate group, is calculated to be 397.6 kcal. Preliminary work on a bond energy
scheme for aromatic compounds indicates that carbon—carbon bonds in an aromatic
ring should have a special value, denoted by ¢, as should carbon-hydrogen bonds,
denoted by t,, when the carbon atom is part of the ring. Values of 124.29 and 97.55 kcal
for ¢, and #, respectively have been used. The heat of atomization of phenyl isocyanate
is given by 6¢,+ 58 +n, vielding a value of 1631.01 kcal mole™ for the heat of atomiza-
tion of liquid phenyl isocyanate; from this, AH? (1., 25° C) = 3.5 kkcal mole™! is obtained.
Similarly, for the tolyl isocyanates, AH,® (1., 25°) is found to be —5.3 kcal mole™. There
are insufficient data available to attempt to make allowance in AH,® for the ring positions
of the three tolyl isocyanate isomers. It is expected that two isocyanate groups on an
aromatic ring would lead to considerable interaction; this would affect the heat of
formation which, therefore, has not been calculated for 2,4-tolylene diisocyanate.

The heats of formation of the urethanes are readily approximated using the heats of
formation of the alcohols, the estimated heats of formation of the isocyanates, and the
appropriate heat of reaction.

The results of the heat of reaction measurements can be interpreted in terms of
substituent effects. As far as the effect of changing the alcohol from normal- to iso- to
secondary-butyl is concerned, a decrease in stability of the resulting urethane (the heat
of reaction being a measure of the stability of the resulting urethane) would be expected
on the grounds of steric hindrance. The inductive effect will act in the same direction,
tending to put a partial negative charge on to the urethane group. This will decrease
the resonance stabilization of the urethane group with the aromatic ring to which it is
attached. It is observed in the case of every isocyanate that the heat of reaction decreases
in the order normal > iso > secondary. Turning to the effects of a methyl group sub-
stituted into the aromatic ring of the urethane, it is expected that partial negative
charges would appear ortho and para to the methyl group, due to the resonance effect.
There will be, in addition, a small charge on the ring due to the inductive effect, which
decreases in the order ortho > meta > para. Steric effects will also be of importance
in cases of ortho substitution. From these considerations phenyl isocyanate should show
the largest heat of reaction, m-tolyl isocyanate would be expected to yield a smaller
value, followed by p-tolyl isocyanate. Because of the steric effect, the heat of formation
of ortho urethanes should be considerably less than for the others. These predictions are
substantiated by the experimental results; because of the difference in state the predicted
behavior of m-tolyl isocyanate reactions cannot be verified.

This work was supported by Grant No. 1028-28 Defence Research Board.
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ABSTRACT

The kinetics of 12 alcohol-isocyanate reactions have been studied at a series of tempera-
tures. The reactions were studied by a calorimetric technique, as well as the usual analytical
method. The results are shown to be in agreement with a mechanism previously proposed
by Baker. Certain objections to Baker's mechanism are discussed.

INTRODUCTION

The preceding paper described the measurement of the heats of reaction of normal-,
iso-, and secondary-butyl alcohols with phenyl isocyanate, the three tolyl isocyanates,
and 2,4-tolylene diisocyanate. During the course of these measurements it became
apparent that kinetic rate constants could be deduced from the data obtained calori-
metrically. In order to verify the rate constants so obtained the reactions were studied
by the usual analytical technique of following the disappearance of one of the reactants
with time. In addition, two mechanisms for the alcohol-isocyanate reactions have been
suggested, and it was felt that the additional data would help to decide between them.

Kinetic rate constants were deduced from the calorimetric data using a method
suggested by Baumgartner and Duhaut (1). In essence the method consists of obtaining
the ratio of product concentration to initial reactant concentration at a given time,
from the ratio of the heat evolved at that time, to the heat evolved at infinite time. The
pseudo first-order rate constant can be readily calculated from this ratio.

The first kinetic study of an alcohol-isocyanate reaction appears to be that of Davies
and Farnum (2), who measured relative rates by causing two alcohols to compete for a
limited amount of isocyanate. Baker and Holdsworth (3), Baker and Gaunt (4), and
Baker, Davies, and Gaunt (5) have carried out an extensive series of investigations of
alcohol~isocyanate reactions. On the basis of their findings, they propose the following
mechanism:

ky
¢—N=C=0 4+ ROH ——= ¢—N=(‘:—0- [1a]
ks
ROH
+
ky
$—N=C—0~ 4+ ROH —— ¢—NH—(”:—OR + ROH. (18]
ROH
+

The alcohol is believed to function as a catalyst through its basic oxygen atom, as well
as a reactant. Application of the steady-state treatment to this mechanism yields the
following relationship:

[ROH] _ k. , [ROH] 2]
ke kiks | B

where %, is the experimental second-order rate constant. Consideration was given to
the possibility that a complex not containing isocyanate reacts with isocyanate; this,
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however, was rejected, because such a mechanism would not fit equation [2], and because
of evidence obtained in studies of the reaction in the presence of basic catalyst. This
evidence clearly indicates that the isocyanate forms part of the initial complex. Baker
and co-workers also report that the reaction is autocatalyzed by the urethane produced.
The proposed mechanism has been tested by plotting [ROH]/k, vs. [ROH]. Such a plot
should yield a straight line of slope 1/k; and intercept k:/kik;. Baker and co-workers
have studied reactions between phenyl isocyanate and methyl, ethyl, and isopropyl
alcohols at 20° C and 30° C. In each case straight lines were obtained, except at very
low alcohol concentrations.

The second-order rate constant was found to be dependent upon the ratio of alcohol
to isocyanate. This effect is thought to be due to stabilization of the activated complex
by polar alcohol molecules. The reported increase of rate in benzene solution, as com-
pared with dibutyl ether solution, is thought to be due to the presence of monomeric
alcohol molecules. The reactions were also studied in the presence of basic catalysts.

Dyer, Taylor, Mason, and Samson (6) have measured the reaction rates, at a series
of temperatures, of phenyl isocyanate with #n-butyl and s-butyl alcohols. They have
interpreted their results in terms of Baker's mechanism.

The reaction between phenyl isocyanate and methyl alcohol has been studied at 20° C
in a series of solvents by Ephraim, Woodward, and Mesrobian (7). They claim that the
logarithm of the rate constant decreases as the dielectric constant of the solvent increases;
a plot of their experimental data, however, shows that there is no significant correlation
of this kind. These authors also find that deviations from second-order kinetics increase
as the hydrogen bonding capability of the solvent increases. They propose the mechanism:

Kla

2ROH = complex 1
Kip

ROH 4 solvent === complex 2
ch

ROH -+ urethane = complex 3
k?a

Complex 1 + RNCO — urethane + ROH

kab

Complex 2 + RNCO ——— urethane 4 solvent

kzc
Complex 3 + RNCO —— Z2urethane.

No mention is made of Baker’s argument that this type of mechanism is improbable.
Studies of amine-catalyzed alcohol-isocyanate reactions have been reported by Kogon
(8), Burkus and Eckert (9), and Sato (10).

EXPERIMENTAL

The method used to purify the chemicals used in the experiments was completely described in the
preceding paper.

Isocyanates were analyzed using a modification of Stagg's technique (11). The method consists of
allowing the unknown isocyanate to react with an excess of a standard solution of dibutylamine in toluene,
followed by back titration of the excess amine with standard hydrochloric acid to a bromphenol blue end
point. Isopropyl alcohol is added to prevent the formation of a second phase during the titration.

The reaction was carried out in a round-bottomed flask with a ground-glass stopper. A weighed amount
of alcohol was placed in the flask, which was put into the thermostat. When equilibrium was reached iso-
cyanate was added by means of a hypodermic syringe. The weight of isocyanate was found by weighing
the isocyanate container before and after addition of isocyanate to the reaction vessel. Five-milliliter
samples of the reacting mixture were withdrawn by pipette at regular intervals; the reaction was stopped
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by draining the pipette into a standard solution of dibutylamine. The time at which the pipette was half
empty was recorded; the excess amine was back titrated with standard hydrochloric acid. The rate constant,
k, was obtained from the integrated expression for a pseudo first-order reaction:

kB = (1/th) In (a¢/a—x),

where ¢ is the time, b the concentration of alcohol, a the initial concentration of isocyanate, and x the
concentration of product at time £ The experimental data were also treated by the differential method
by plotting log rate vs. log concentration. The slope of the curve gives the order, and the intercept the
rate constant.

The results of a typical calorimetric run are shown in Fig. 1. Figure 1(a) is a curve of electromotive
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F16. 1. Typical time-voltage curves: (a) chemical reaction, (b) integral of the chemical reaction, (¢)
electrical heating, (d) integral of the electrical heating.

force vs. time for a chemical reaction, and Fig. 1{b) shows the integral of this curve with time. The E.M.F.-
vs.-time results for electrical heating are shown in Fig. 1(¢); the integral of this curve appears in 1(d). It
is desired to obtain values for the ratio a/x at a series of times. The heat evolved from the reaction cell
from ¢ = 0 to ¢ = ¢ is the shaded area A in Fig. 1{a). The value of this area A is read directly from the
plot of area vs. time in Fig. 1{b). The heat remaining in the reaction cell at time ¢ is evolved in the same
way that heat is evolved from the system after an electrical heating. Hence the area B under the electrical
cooling curve from E.M.F. = b to EEM.F. = 0 is a measure of the unevolved heat in the reaction cell at
time £ The sum of A+B gives the total heat produced by the reaction up to time ¢. Area B is obtained
from Fig. 1(d) by subtracting ¢ from d. The ratio of the heat produced at infinity to the heat produced
at time ¢ is a measure of a/x. This ratio is evaluated at a series of times, and the rate constant is calculated
using the integrated pseudo first-order expression. The results for each run are averaged.

EXPERIMENTAL RESULTS

The rates of the reactions between normal-, iso-, and secondary-butyl alcohol and
phenyl isocyanate and the three tolyl isocyanates have been measured at a series of
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temperatures. The data were treated by the integral and differential method to obtain
the second-order rate constant. The rate constant at a series of temperatures and the
activation energy for each reaction is given in Table I. The rate constants at 25° C,
deduced from the calorimetric measurements described in the preceding paper, are given
in Table 11, where they are compared to the rate constants determined analytically. The
percentage difference between the two is also given.

DISCUSSION

It is seen from Table 11 that all the rate constants deduced calorimetrically are within
109, of those determined by chemical analysis. These results are satisfactory, as there
are important sources of error present for which allowance could not be made. These
are the increase in temperature as the reaction proceeds and the time lag between an
event occurring in the reaction cell and its appearance as a signal on the recorder.
Attempts to apply an empirical correction to the rate constant obtained in this way were
unsuccessful. However, if steps were taken to ensure identical conditions of contact
between the reaction cell and the calorimeter from one run to the next, we believe that
an empirical time lag correction could be applied, with a considerable improvement in
the accuracy of the rate constants so o