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- .. HYDROLYSIS OF THE NITROGEN FLUORIDES
Gerald L Hurst and S. I. Khayat

N\ THE HARSHAW CHEMICAL COMPANY
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Q BASIC HYDROLYSIS OF NFa

ﬁ Nitrogen trifluoride is extremely resistant to chemlcal attack by .
water and aqueous acid; the compound can be recovered quantitatively

H after one week in contact with excess dilute acid (HNOs. HzSO4,

b HC104.) or pure water at 133°C. In the presence of aqueous base, how-

A ever, slow hydrolysis occurs at 100°C yielding nitrite and fluoride.

>

, - 100°C '

" NFs + 4 OH- ———= NOz  + 3F- + 2H»0 , I

5 _

\ . .

\ This behavior differs sharply from that of nitrogen trichloride,

i

which is known to give ammonia and hypochlorite under similar con-
ditions. The latter products are readily explained in terms of
nucleophilic attack directed at the chlorine atoms, a mechanism which
appears reasonable in view of the fact that the electronegativities
of N and Cl are very nearly the same and that the halogen may easily
expand ‘its valence shell. Obviously, these considerations cannot be
applied to the nitrogen trifluoride molecule since fluorine is con-
siderably more electronegative than nitrogen and it has no available
d orbitals. Although the nitrogen atom also has no free orbitals,

7>

<, the relatively low electron density would at least offer less re-
} sistance to the approach of a nucleophile
4 44' F Slow.
E Ho: ~ + NN 2 F .0 ~ HONFz + F~. - 11
F -HF OH . -
4 : > NOF-—— = NOz
;\‘ Fast Fast
k
n. The proposed intermediate .HONF-. would be expected to be unstable with
N respect to the loss_of HF, as is apparently the case with the unknown
5 perfluoro alcohols. .
k Two other reaction modes worth considering include the formation of
N an.intermediate activated complex with water
> S1 & OH~
3 oW’ )
g Npa(aq.)vf———> NF5 (aq.) —?Egzﬁ>Ploducts 11T
. and the intfiguing but unlikely reversible lonization of NFs.
- Slow - . 'F_ OH™
> NFs(gq.) == NFo" (ag.) (aqg.) "~ Fast Products v
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Fast + i OH™ . Product v
- ———> Products
(aqg.) (aq.) F1on

Preliminary experiments indlcated that the rate of reaction of
gaseous NF3 with caustic soda solution 1n a static system was first
order with respect to NFsz with 1little dependence on the 1nitial con-
centration of the base. Although these observations are apparently
consistent with the first order equations III and IV more detalled
studles show that these results are misleading.

I+ the reactions were first order 1in NFs only, the rate of decrease
of the partial pressure (P) of NFs with time (T) 1n a closed system
should be glven by the followlng equatlons ) :

ap KV .
aT Vg

Vo P

— log —— =K T

where V, is the volume available to gaseous NFs, Vo 18 the volume of
the cauStic soda solution and Po is the initial pressure of - NFz. The
assumption is made that a Henry's law equilibrium is established be-
tween gaseous and dissolved NFa.

- In Fig. 1 the results of a number of experiments are shown plotted
accordlng to the integrated form of the rate equation. The points
of line "B" and group "A" were calculated from data furnished by H.

J. Bronaugh The line "B" was obtained from a series of experiments

in which samples of NFs (4.8%-7.16 mmole) at a constant initial

pressure of one atmosphere were allowed to react with 20 ml of 0.5 N

NaOH for varying lengths of time. The curvature of the line clearly

suggested that the steadily decreasing hydroxyl lon concentration

(up to 907 neutralization) does indeed tend to decrease the reaction

rate, but the effect is much less than would be expected for the 2nd

order-equation

NFs + OH - Products VI

The group of points "A" was derived from reactions involving samples .

of NFs at initial pressures ranging from 0.25 to 2 atmospheres (1.7-
8.7 mmole) and 30 ml of 0.5 NaOH. The positions of the top four
points of this group, which were obtained from simultaneous runs,
again indicate that the extent of conversion of NFz depends on the
concentration of OH” . Thus the height of the individual points de-
creases inversely with the corresponding degree of neutralization of
the caustic soda. More important, however, is the fact that group
"A" lies well below "B" showing that the reactions involving 20 ml
of base were more than 2/3% as fast as those with 30 ml. Since the
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REACTION OF NFy BITH NaOH SOLUTION AT 100° C.
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solutions were contained in upright "Teflon" cups of identical dia-
meter in each case, the data indicate that the rate of conversion of
NFs was significantly influenced by the avallable surface area.
‘Presumably, the NFs falled to reach an equilibrium concentration in
solution 1n splte of the long reaction times. The dependence of the
reaction rate on the area of the gas-liquid interface was. confilrmed
in the experiment represented by points "D" and "¢" in which the
surface areas of the solutions (20 ml 0.5 N NaOH) were reduced from
10.8 cm® to 8.0 and 4.4 cm2 respectively.

The apparently small effect of the initial OH concentration on the
rate of hydrolysis of NFs 1s probably due not only to the surface
area phenomenon described above, but also to a reduction in the solu-
bility of the gas resulting from increased ionic strength. The
proposed "salting-out" effect is demonstrated in the experiments re-
presented by points "E", "F" and "G". In "E", 1.0 N NaOH (30 cc) was
used in place of the 0.5 N caustlc soda employed by H. J. Bronaugh
for group "A"., yet the extent of reaction was approximately the same.
Half normal NaOH was also used in "F" and "@" but the total ionic
strength of the solutions was increased to the equivalent of 1.0 N
‘NaOH by the addition of NaF and NaNOs respectively. In each of the
latter experiments the reaction rate was significantly lowered, in-
dicating that inhibition due to rising lonic strength tends to partly
off'set the acceleration associated with increasing OH- concentration.
In this connection it should be noted that concentrated NaOH (12 N)
reacts extremely slowly with NFs.

It is of interest that the rate of basic hydrolysis 1s decreased to
exactly the same extent (wilthin the experimental accuracy) by equi-
valent amounts of NaF or NaNOs. If the reaction involved mechanism
V. NaF would be expected to act as an inhibitor by shifting the
equilibrium to the left. Thus 1t appears that the reaction proceeds
via the nucleophilic mechanism given in equation IT.

;
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REACTION OF NFs WITH AQUEQUS HC1

Additional support for the proposed nucleophilic mechanism of the
basic hydrolysis has been provided by a study of other aqueous
systems such as hydrochloric acid. Although NF5 1s unaffected by .
prolonged contact with either pure HC1l or pure water at 133°C, the )
compound reacts slowly with aqueous HCl at this temperature, yielding .
products which vary with the concentration of the acid. Nitric oxide |
and nitric acid are formed by the dilute solution (0.5 N)

- Dil. HCL : : ’
3NFz + OHo0. ————>3HNO> + 9HF T
S 13®°C _— v

5 2NO + NOg + H20

while the more highly concentrated reagent (4 N) yields elementary -
nitregen and chlorine. .

HaO |
2NFg + GHCL 3300 >N + 3Clz + OHF VIII
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As in the case of the basic hydrolysis the rate of conversion of" NF3
was found to vary only slightly with the strength of the solution.
The fact that NFs reacts with aqueous HC1 but not with the pure com-

- pound clearly suggests that ionic . attack is involved. The active

species in the reaction is almost undoubtedly C1- since it has been
shown that while NFz is inert to many acids, it reacts readlly with

“hot, .neutral sodlum chloride solution (4 N).

NF3 ~—=% Np, NOs~, F-, Cla ' X

REACTION OF NFs WITH AQUEOUS NUCLEOPHILES

Further indirect evidence for the postulated nucleophilic behavior of
Cl™ and OH™ has been obtained from a series of experiments in which
NF3 was allowed to react with solutions containing anions of varying
nucleophilic strength. It was found that for those species tested
the extent of reaction within a given time and temperature range in-
creased monotonically with the accepted value? of the nucleo-

" philicity of the anion. Furthermore, although NFs did not react with

acid solutions of weak nucleophiles, the reaction rate with halides
was increased by the presence of hydronium ion, as would be expected
Tor an 3,2 mechanism involving the loss of fluoride

&NF+}{Nq~—%NFH + Hz0
X:  + FpN-FH' > XNFp + HF > ---

The results of a number of experiments invoIving nucleophilic
reagents are listed in Table I. In the strictest sense it is not
possible to compare the relative degrees of reaction solely on the
basis of the nucleophilicity of the starting material because’ re-
active intermediates may influence the overall conversion rate. The
varying stoichiometries also impose restrictions for those experi-
ments which involve small quantities of aqueous reagent and are thus
subject to unequal changes 1n concentration for a glven amount of
NF3 reacted. In spite of these limitations the data clearly in-
dicate that the reaction rates increase with nucleophilic strength
in the order .

NOs~™, C1047, S0~ < <C17 «Br <O0H <I <8505

REACTIONS OF NFz WITH ELECTROPHILES

In his early work on NFs Ruff3 reported that the compound was stable
to AlCls at red heat. Investigations in this laboratory show that
NFs does react with -A1Cls under mild conditions (80°C, 4 days) to
produce nitrogen and chlorine. Chlorine is liberated rapidly at
135°C. The reaction presumably involves coordination of a fluorine
atom of NFs to the vacant orbital of the .aluminum atom, as is be-
lieved to be the case with the chlorination of fluorocarbons by
A1Cls. Reactions conducted in a Teflon IR cell gave no evidence. for
the formation of gaseous intermediates such as NFzCl.
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N;trogen trlfluorlde is readily converted to ammonium ion by a01d10
or neutral ferrous sulfate solutlon at 60°C.

MHf+6Fe+2 + NFs » NH,t + 3F + 6re’™® XI

In a typical experiment NFs (3.18 mmole, Py = 0.69 atm) was maintaind
- in contact with the -aqueous salt (20 ml, 0.5 ¥N) for 12 days, resulting

in the destruction of about 44 per cent of the NFs.

‘Ferric chloride solutions react very slowly with NFs at 100°C; the
FeCls acts as a hydrolysis catalyst, yielding nitric oxide and
nitrate. - This catalysis is not a general property of the transition
metal ions as shown by the total 1nertness of NFs to solutions of
CoClp, MnSO4, CuSO. and NiSO; at 100°C over periods up to seven days.

HYDROLYSIS OF- NoF4

Dinitrogen tetrafluoride reacts more readily than NFs with agueous
solutions; 4t 133°C it is rapidly destroyed by contact with acidic,
basic and neutral solutions. The reaction with caustic soda pro-
duces mainly nitrous oxide and nitrite along with a trace of nitrogen.

'N2_F4 + 4OH™ -23—-»9 2NO + 4F” + 2H20

XIT
133

4NO + 20H™

+ H20

With water and agueous HCl significant quantities of nitrogen and
nitrate are formed in addition to nitric oxide. Surprisingly, the
amount of nitrogen produced was found to be greater with water than
with 4 N HC1l, and in neither instance was as much Np formed as in the
cor: espondlng reaction of NFs with 4 N HCl. At lower temperatures

(60-100°C) NoFs is nearly qudntltatlvely converted to NO by water and
dilute HCl (0.5 N).

The results of a number of experiments on the kinetics of the NzFa-
Hz0 system are summarized in Figure 2. The hydrolytic mechanism 1is
obviously complex as indicated by the long induction periods and the
subsequent exponential increase in the reaction rates. The total
time required to completely destroy the NoF4, shows a difficultly re-
producible inverse dependence on the initial pressure of this
compound. - The effect of NoFs pressure on the overall reaction rate
has been confirmed in other experiments. 1In a tyglcal series, NzoFq
samples at concentrations of 0.65, 1.27, 2.53, 3.85 and 5.22 mmole/
100 ml were heated with water for 5 days at 35°C, 6 days at 50°C and
6 days at 60°C. The first three samples (low pressures) were re- _
covered guantitatively while the fourth and flfth samples reacted to
the extent of 6% and 100% respectively.

The marked acceleration of the hydrolysis with time is apparently a
result of secondary reactions initiated by the product nitric oxide.
The rastest and slowest reaction ["E" and "D"] illustrated in Fig. 2
were conducted under identical conditions except for the addition of
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10 mole % of nitric oxide to the NzF4s in "E".  The hydrofluoric acid
formed also exerts a positive influence on the rate, but to a lesser
degree ‘than nitric oxide.

Both hydrochloric acid (0.5 N} and sodium hydroxide (2 N) profoundly
‘alter the reaction. The halide causes the complete destrubtion of
NoF, at low pressures in less than 10 days while the hydroxide
produces a slow, steady reaction with no indication of an induction
period or increasing rate with time (1line "F").

xperimental results on the NoF4-H-0O reaction were very difficult to
duplicate; the lines C and C', which are vastly different, were ob-
tained from supposedly identical runs, using NpF4 and water from the
same sources. The large variations in reaction rate are believed to
be due to minute amounts of oxygen remaining in the starting
materials even after careful purification including boiling and
vacuum degassing of the water. In control experiments, oxygen was
found to be at least 10 times as effective as nitric oxide in pro-
moting the reaction; the addition of about one mole per cent of the
gas (based on N»F4) to the mixture reduced the total conversion time
by a very conservatively estimated factor of four.

The above observations are conS1stent with the following reaction
scheme:

Slow )
NoFs + 2Hp0 - —> 2NO + 4HF ~ XITI
Slow .
___ﬁ B
N2F4, Hz0 NOg' X1V
+2/3Hz0,
NO + NOz + H20 Y——ZHN02<7_____~ 4 /3HNOs + 2/3NO XV
' Fast. .
Z2NOs + N2F4——->&NOF XVI
. ' Fast
2NOF + H20 3>N02 + NO + 2HF XVII

The formation of some nitrogen dioxide (eq. XIV) at 60°C appears
likely in view of the fact that large quantities of thils gas were ob-
served in the products of similar reactions at higher temperatures
(133°C). Experiments in this laboratory have confirmed that NzFg4

"is readily attacked by NOz (eq. XVI) giving NOF, which would in turn
- rapidly hydrolyze and thus regenerate the NO: (eq. XVII). Increasing
acidity would favor higher concentrations of free NOzx by shifting the
equilibrium (XV) to the left. By analogy to the chemistry of NFs.
caustic soda might be expected to be more efficient than water in the
direct (nucleophilic) attack on NzF4, but secondary reaction would be
inhibited by the removal of NOz. Obviously oxygen would immediately
convert any NO present to NOo. : - :

'HYDROLYSIS OF cis- AND trans-NaFs

Few authors who have worked with difluorodiazine have failed to
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comment on the "vast" difference in the reactivities of the two iso-
mers. It 1s therefore surprising that trans-NpF, is only moderately

- more resistant than cis-NoF, to attack by water. Both materials are

unaffected by excess water at 60°C over a period of 15 hours. The
cis-isomer hydrolyzes slowly at 74°C (30% in 17 hours) while the
trans- compound reacts at a similar rate at 89°C. In each case the
ma jor products are nitrogen, oxygen and hydrogen fluoride.

2NzFs + 2H20 » 2Nz + Oz + 4HF XVITT

Nitrous oxide 1s also formed, but only in minor quantities (< 3%).

The results of a number of hydrolytic experiments with the cis- and
trans-NFs, are summarized in Figures 3 and 4.

The data in Figure 3 were obtained by allowing samples of trans-NzFs
at 89°C to react with 5 ml portions of water, agueous NaOH (2 N) or
aqueous HC1 (0.5 N) in Pyrex ampoules. The line "A", drawn through
the circled points, shows the logarithmic rate of change in the

‘number of millimoles of trans-NoF» in contact with water. Line "B"

was derived by plotting the function log (NO—2/3 n) where Ny 18 the
initial concentration of trans-NzF:; and n is the total amount of non-
condensible gas produced at any given time. The 1lines "C" and "D"
were obtained from experiments involving aqueous NaOH (2 N) and
aqueous HC1l (0.5 N) respectively and were plotted on the same basis
as line "A".

If the reaction Prodeeded quantitatively according to equation XVIII,
lines "A" and "B" should be superimposed. The difference between
these lines is at least partly due to the formation of nitrous oxide.
Also, infrared spectroscopic studies on the original and partially
reacted trans-NF, suggest that the material may have contained a
small amount of undetectable impurity which would have caused a
slight but proportionally consistent overestimation of the amount of
NoF-. present. ) .

A simllar set of experiments involving a mixture of cis- and trans-
NoFs (67% cis) at 74°C is recorded in Fig. 4. The reaction rates

of trans- and cis-NzF> are given by lines "E" and "F" respectively.
The points enclosed by squares express the rate of formation of non-
condensible gases (Nz and 0Oz) from cis-NoFz in terms of the function
log[No-2/3n -A )] where No is the initial amount of the cis isomer,
n is the total amount of non-condensible gas produced in the given
time and A is the amount of trans-isomer reacted as calculated from
line "E". The excellent agreement between the non-condensible
function and line "F" is probably somewhat fortuitous since detect-
able quantities of N-O were also formed.

After the completion of the preceding experiment, the remaining iso-
meric mixture was allowed to react with 2 N NaOH under similar con-
ditions of temperature and pressure. No change in the reaction rate
occurred as is indicated by the points in parentheses in Fig. by,

The above data suggest two important conclusions:

1. The reactions of cis- and trans-NgF, with water are each
first order with respect to the nitrogen fluoride.
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2. ' The hydrolyses do not proceed via nucleophillc attack on NoF».

The second conclusion 1s based on the observations that the strong

“nucleophile OH- does not significantly accelerate the reactions, and

on the fact that very little nitrous oxide 1s produced.

Because NzFz 1s a strongly endother'mic4 compound, 1t is necessary to

conslder not only dlrect chemical attack by water

F...H Ho0

FNs” + YOH > FoN- -+ -OH + HF-———> Products XIX

but also the thermal decompositlon_of the nltrogen fluorlde to the
elements. The reported reactivity”’ of cils-NoF> toward glass poses an
additional question of posslble competlng reactions with the con- -
talner walls.

In an effort to. resolve these problems a study was made of the decom-

- position of NoFs in glass, both alone and 1n the presence of ele-

mentary niltrogen. The experimental results glven in Table II indicate
that both isomers decompose slowly at the previously established
hydrolysls temperatures and that the reactlon rates increase with the
total pressure of the system. Variations in the availlable glass
surface area apparently do not significantly alter the rates. These
observations suggest that the hydrolytlc reactlons may proceed, at
least in part, via a simple decomposition mechanism of the type

. , Hz0 ' ~
NaFz + M > Np + Fz + M--%=3>Products + M XX

where M 18 any molecule. Hydrolytlc attack 1s not completely pre-
cluded by the above evldence since water vapor (in equilibrium with
the 1iquid) was found to be approximately twlce as efficient as an
equal pressure of nitrogen in destroying the isomers. In this con-
nection it may be noted that nitric oxlde was conslderably more
active than water under similar condltilons.

The sensitivity of the decomposition rate to pressure offers a
reasonable explanation for the reported hlgh degree of reactivity of
c1s-NpF2 (under high pressures) toward glass5 at amblent temperatures
as compared with the relatlve lnertness {at low pressures) of this
system observed in this laboratory.

Obviously,  all of the above experimental results may be equally well
interpreted in terms of the reversible formation of an actlvated
intermediate

. % S102
NgFz + M == NpFs + M-ﬁ*6~> Products + M : XXI
2
etc.

at least in the case of the trans isomeg, mechanism XXI 1s supported
by the work of Schaap, Nevitt and Zletz- which indicates that the

compound 18 stable in steel at 82°C under pressures as high as 3,400
atm. The c¢ls isomer was reported to detonate under simllar conditions. -
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In % study of the isomerization of trans-N;Fs in copper, Colburn et.
al noted that extensive decomposition to the elements occurred at
temperatures above 300°C. Similar experiments in this laboratory
have shown that this reaction also occurs at much lower temperatures
(175-200°C) and that the rate is strongly pressure-dependent. The
results of a typical series of runs, as given in Table III, demon-

-Strate that the extent of decomposition increases greatly with the

pressure. The relatively low ratio of cis- to trans-NzFz recovered
in Experiment 1 suggests that the cis isomer 1s more rapidly de-
stroyed than the trans compound.

TABLE IIT

ISOMERIZATION OF trans-NpFp

CiS-NgFg
Total In Re-
. Reaction Reaction  NxF: covered
Pressure Time Temp. Recovered NoFo
Expt. (mm) (sec) - {°c (%) (%)
1 370 30 175-200 16 29
2-7 : 14-20 90 175-200 70 67

EXPERIMENTAL

Sealed pyrex ampoules (ca, 135 ml) equipped with one or more break
seals were used for all hydrolytic reactions. In the experiments in-
volving NFs; and caustic soda, the base was contained in loose-
fitting Teflon cups within the ampoules to prevent attack on tke
glass. Infrared spectroscopy was generally used for the analysis of
gaseous products.

Nitrogen trifluoride and dinitrogen tetrafluoride were obtained from
Peninsular ChemResearch Inc. and Air Products Inc. respectively. Di-
fluorodiazine was prepared by the reaction of NpxFs with AlCls at
-78°¢C. '
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