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PEROXYHYDROCARBONATE AND PEROXOCARBONATE IONS AS TYPICAL
a-NUCLEOPHILES IN PHOSPHONYL TRANSFER

In asearch for novel, high-reactivity, a-nucleophileswe examined the kinetics of decomposition of 4-nitr0pheny|d|etrp/l

phosphonate (NPDEPN) by H,0,/NH,HCO,/HO™ at pH 7.7—10.4. This system generates HCO,~

and CO, ",

and their equilibrium concentrations were calculated with the corresponding equilibrium constants, allowing estlma

tion of second-order rate constants for nucleophlllc reactions with NPDEPN, k,

o= 0.006 and k2= 0.18M b

(25°C, mr2.0 M). As shown by comparisons of Bronsted relationships of the raté constants wn% those for other

anionic nucleophiles in dephosphonylation of NPDEPN, HCO,™ and CO4

ions are typical a-nucleophiles. These

findings can be significant in selection of optimum condltlons for decomposition of various ecotoxicants.

INTRODUCTION. Typical inorganic a-nucleo-
philes such as hypochlorite, hypobromite and hydro-
peroxide ions, neutral and anionic forms of hydro-
xylamine, exhibit abnormally high reactivity (a-effect),
as expected from Bronsted relationships for “nor-
mal” oxygen nucleophiles (aryloxide, alkoxide ions,
HO™ and H,0) [1-4]. Possble applications of these
inorganic nucleophiles is their use in systems for effi-
cient destruction of ecotoxicants — pesticides, chemi-
cal warfare agents, ec. [5-7]. Of specdia interest are
mixtures of hydrogen peroxide with activators [6—
12], e.g., alkaline metal and ammonium hydrocarbo-
nates because aqueous H,0,/HCO3/HO™ mixtures
contain the strong a-nucleophile, HO, ', and an effi-
cient oxidant, HCO,4 [4, 6-12] allowing design of ver-
satile oxidizing-nucleophilic systems for “green” de-
composition of highly toxic phosphorus esters thro-
ugh nucleophilic attack by HO, and other peroxyions,
and of aulfide derivatives eg., Mugsard Gas, by oxi-
dation with HCOZ4 [5, 6]. Thereis evidencethat both
HCO, and CO,4~, which are formed in this system,
react as nucleophlles [13-16]. Until recently it was
uncertain whether these ions are normal oxygen or
a-nucleophiles. Structurally, CO4 meetsthe require-
ments of a-nucleophiles: i) the nucleophilic center
(oxygen) is anionic and isin the second period of the
Periodic Table; ii) there are no adjacent subgtituents
sterically hindering attack on the electrophilic center
in the substrate; iii) eectronegative oxygen with un-
shared eectron pairsisa- to the reaction center of the
reagent, which destabilizes the ground state and stabi-

lizes the trangtion date of the reaction [17, 18]. It is
difficult to predict, a priori, the kinetic behavior of
HCO, although it should be consderably less nuc-
leophilic than the dianion.

In thiswork we studied the decomposition kine-
tics of 4-nitrophenyldiethyl phosphonate (NPDEPN)
as a low-toxicity model of some pesticides and che-
mical agents with H,0,/NH4HCO4HO™, and etima-
ted nucleophilicities of aqueousHCO4 and CO4 (cf.
[16]). Such research can be useful in selection of opti-
mum conditions for decomposition of ecotoxicants.

As a source of HCO5™ we used ammonium hyd-
rogen carbonate because this compound is readily so-
luble in water, reasonably stable in the presence of
hydrogen peroxide, and leaves no inorganic residue
after reaction. However, we had to allow for reaction
of NH3in these conditions.

EXPERIMENTAL PART. Synthesis and purifica-
tion of NPDEPN are described [4]. The analytically
pure reagents were 25 % aqueous ammonia, ammo-
nium hydrogen carbonate and chloride, potassum hyd-
roxide and chloride, and bidistilled water. Concentra-
tions of hydrogen peroxide solutions were determi-
ned by titration with permanganateion [19].

Hydrogen peroxide in the working solutions was
stabilized by Trilon B (10 M). Solutions of H,0,—
NH4HCO3 were equilibrated for ca. 20 min at each
pH. The pH was controlled by KOH or by addition
of a certain volume of NH4OH of the known concen-
tration, pH was measured on a M etrohm 744. Kine-
tics were in water at 25 °C, ionic grength () 2.0, main-
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tained with NH4HCOg3, NH 4CI, or, where necessary,
K CIl. Reactions were monitored by following the
increasing absorbance of 4-nitrophenoxide ion at |
410 nm on a Genesis 10 UV (Thermo Electron) spec-
trophotometer. Hydrogen peroxide was in large excess
over thesubdrate (» 540°M ). Decomposition of H,0,
during the time of reaction did not cause problems,
but it increased dightly if KOH was used to control
pH. Calculation of the first-order rate constants was
as described [4]. After complete reaction the concen-
tration of 4-nitrophenoxide ion was that of theinitial
substrate. The reported first-order rate constants are
averages of up to 12 results agreeing within 3 %.
RESULTS AND DISCUSSION. Decompostion of
NPDEPN in the reaction conditions involves five
paralld pathways (scheme) and the very dow reac-
tion with H,O, which isnot kinetically important:

ED. .0

Table 1

Ammonolysis of 4-nitrophenyldiethyl phosphonate (water,
t=25°C, m=2.0M (NH,HCO; or KCI)

- (k—kHO. [HO']) | [NHg], [NH,HCOZ, [NHJ]
5 1
A0°, s M

9.60 16.6 2.66 2 3.23
10.22 39.1 5.33 2 6.63
10.56 61.9 7.99 2 9.53
10.79% 0.340 0.0266 — 0.0259
11.00% 0.600 0.0533 — 0.0524
11.49? 435 0.533 — 0.530

& lonic strength was controlled by KCI.

calculated [20] with the acid disso-
ciation constant [21] of NH ;" K=

A onolysi : - _
oducts  TH: T gy o wo, " B0 = Alkdine 25,6640 and the experimental
NELERH E?mf:is pH and kinetics fitted equation (2):

+HO, +HCOy +00s

P eroxabnrcl ol sl s o chacts

The observed first-order rate constant with res-
pect to substrate, k, stis given by equation:

k=Ko [HOTT+ Ky [HO; ]+ ki, INHg] +

* Ko HCO4 1+ ko2 [COST, (1)

where kHo" kHO.z, kNHs, kHco;’ kcoi‘ are second-
order rate congtants (M"va"l) of the corresponding
reactions, and quantities in square brackets are equi-
librium concentrations of the nucleophiles. Equation
(1) allows calculation of kHco; and kcoz' after allo-

wance for contributions of reactions of th4e other nuc-
leophiles, which are known from independent expe-
riments, and the corresponding concentrations can
be estimated with known equilibrium congtants. The
overall reactions were followed over the pH range
7.67—10.4.

Values of kHO.2 and kNH3 were measured inde-

pendently, and kHO. =0.15M 56 had been deter-
mined earlier [4].

Ammonolysis of NPDEPN was studied in
agueous ammoniaat m=2.0M (NH4HCO3 or KCI),
see table 1. Equilibrium concentrations [NH4| were
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k=Ko HOT=ky, INHg. (2

Therate consgant of ammono-

lysis is ky,, = (629 0.27)407°

M~5s (r =0.996, 5,=2.5407°, n=6) and fits the Bron-

sted equation (Iogkgine= —7-4 + 0.35pK ) for amine
reactions with NPDEPN [22].

The second-order rate constant k,, .. and the
acid dissociation constant of hydrogen perbxide, Ky,
were measured in aqueous NH,CI (m=2.0M) and
fitted to egn. (3) asin ref. [4], with allowance for re-
actions with OH™ and NHj:

— 1 +
K1 = Kyop _K_lkl[H 1, 3)

where Ky, M~bs? is the product of rate congtant
k.- and the fraction of HO, :

HO,
‘= [HOZ1
17 PHO,[H,0,],
ke ko HOT]- ey, INHYJ o
[H202]o

The results are in table 2 and with equation (3)
fit equation (5):

ki = (351 0.17) - (3.42 + 0.25)40 %, [H™], (5)
r=0.982, s,=0.21, n=9,
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Table 2
Observed rate constants k of decomposition of 4-nitrophe-

nyldiethyl phosphonate in H,0,/NH 4c|/ HO™ ([H,0,l,
0.00246 M, m=2.0M (NH,CI), KOH, 25°C)
pH [NH], M k20% st

10.25 182 0.622 + 0.010
10.50 1.89 0.882 £ 0.010
10.75 1.94 1.28 £ 0.02
11.00 197 2.30£0.01
11.25 1.98 3.30 + 0.02
11.50 1.99 4.86 + 0.02
11.75 1.99 6.68  0.07
12.00 2.00 8.13 + 0.05
12.25 2.00 9.82 £ 0.07

and, kHO = (351 0.17) M™bs Y, K= (292 + 0.21)x

1072 M. Th&ee values are in reasonable agreement
with those in different conditions viz. kHO 7.3

M5 K= 3164072 M, m= LOM (KCl) [4] and
Kyo- = BOOM™5S™, Ky= 427407°M, m=20M
(KCI) [16].

Theconstants k,,5- and K1in2M NH,CI are
lower than those in 21\/[2 K Cl, probably due to speci-
fic interactions of H,O, and HO,  with NH,, and
equilibrium formation of hydrogen bond complexes
by analogy with interaction of hydroperoxides with
tertiary amines [23]. A large excess of ammonia
(INHg] / [H,O,],» 800, table?2) favors formation of
such complexes. As shown later, this formation does
not dgnificantly affect values of Ky and ke co?

The calculations were made Wlth equmbrla equ—
ations (6)—(9), largely with data from the cited lite-
rature

Koo+ - 12
H,0, =H"+ HO,, K;=2.924072M ; (6)
K
H,0,+ HCO; = HCO, + H,0,
K,= 0.33M™ [9]; ©)
HCO, .:H +C0,%, Kg=398407°M (8)
HCOs = H* + CO.%", K,=4.6840°1M (9)
and material balance
[HCO®>],= [HCO5 ] + [COz%] +
+[HC, ]+ [CO57 ],
[H,0,]p= [H,0,] + [HO, ] +

(10)
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+[HCO, ]+ [CO~]. (11)

Equilibrium concentratlons of peroxoanions
HO,, HCO,4 and COy %~ together with related rate
constants, k, equilibrium concentrations of ammonia
and initial concentrations of hydrogen peroxide are
in table 3.

The second-order rate constants for contributi-
ons of the peroxocarbonate reactions are given by
equation (12), which is derived from equation (1):

_ - 2-

Dk = koo [HCO, T+ k2 [COFT, (12)
where Dk =k~ [HOT] ko [HO; ] -

Kyn INH3 (13)

and table 3 includes values of Dk, equation (13).

It is dgnificant that the overall contribution from
the peroxycarbonateion reactionsto the observed ra-
te congtant [i.e Dk/k ratio, see egns. (12) and (1)] is
generally 70—90 %, indicating that uncertainties in
contributions of the other reactions, egn. (1), are not
very important. Comgarlson of Dk, for reactions of
[HCO, ], and [CO4 ] at similar initial [HO,,
shows (table 3) that an increase in pH, and therefore
in [CO,~ ], increases Dk , while [HCO, ] decreases it
(runs 2—9, 10 and 16, and 12, 14, and 22). Therefore
the main contribution to Dk [equation (12)] is, as expec-
pted, from k. 0% [CO4 —]. Linear corrdation, Dk ver-
sus [CO4 ] neglectlng the contribution of reaction
with HCO,4~ gives.

Dk = (0.13+ 0.14)40° + (0.181 + 0.007)[CO,], (14)
r=0.983, §,=640°* n=29,
0>=018M s

4

Rateconstant k co; can be estimated by thetwo-

parameter correlatlon equatlon (12), of Dk versus
[HCO4 ] and [CO4 ~] giving eguation:

= —(0.00024 + 0.00020) + (0.0063 + 0.0025)x
fHCO, 7] + (0.183 + 0.006)[CO,%],  (15)
R=0.986, 5,540 n=29.
Asexpected, the value of rate constant, k -
from this equation is essentially that from eqn (14)
Elimination of the most strongly deviating points
does not dgnificantly affect constants for reactions

involving [HCO, ] and [CO4 7]
Thus, estimated rate constants are k

=(0.006 + 0.002) M~ and ko2 —(018+001)

andk
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Table 3

Peroxohydrolysis of 4- nltrophenyldlethyl phosphonate in HZO/
NH,HCO,/HO™ (water, t=25°C, m=2.0M, [NH,HCO,], = 2.00 M)

k = —(0.23 +0.13)40° +

+ (1.01 # 0.02)K .. (16)

- r=0.992, §,=5407% n=29.
[H,0.] | k10?, | INH] [HO%] Dk:20%, [Hcoé [CO43 ] The plot in fig. 1 has unit dope ant_j a
PH T 470 10 o1 | 180 %0 near zero intercept, as expected from equation
M M (16), and isbased on the data in table 3.
Thevalue of K3=3.9840"%isreasonable
767 0242 122 00516 0202 115 926 172 in terms of similarities in pK, of HCO,~ and
7.76 0242 0891 0.0656 0248 0800 924 212  HS3Os (that of HSO5 is9.4[8]). An approxi-
778 0242 0973 00695 0259 0878 924 222  mate pK, of HCO,  can also be estimated
788 0242 101 00878 0326 0890 921 278  [rom pH-rate profiles for oxidations of orga-
790 0242 110 00929 0341 0974 921 291  nicslfides 2-hydroxyethylphenyl [10], diethyl
793 0242 124 0102 0365 111 920 312 11 and methylphenyl sulfide [12] in HZ0./
809 0242 145 0151 0525 126 913 447  NHHCOFHO™ The rates of oxidation by
810 0242 131 0151 0537 111 913 457  HCO4 are almost pH-independent in the
815 0242 160 0176 0601 138 910 512 \r,vagdgeby 7&2 %ﬁtﬁﬁh %'érggrl]gfcl’;ﬁ'
822 0121 09510206 0349 0815 460 304 o Signon o RTen S CO,2 ten.
850 0178 266 0488 0963 220 654 822 oo o constant rate af pH 1011 wih
856 0237 315 0477 147 260 857 124 v ooy and the weaker oxidant, CO,Z,
860 0227 381 0515 154 324 816 129  peng the dominant species The point for
865 023 336 0565 178 270 841 149  pK.=pH is in the pH-range of decreasng
873 0483 812 0.715 4.44 6.52 16.4 35.1 rates. The mid-point of the pH-rate profile
890 0120 289 103 1.53 2.29 4.09 12.9 should approximate the pK, of HCO,4 giving
897 0125 2338 115 1.85 1.66 4.16 15.5 values of pK,~10 [10], ~9.8 [11], ~9.0 [12]
900 0116 266 112 18 195 38 152 and therefore pK, of HCO4™ should bein the
916 0110 353 162 18 259 339 195  range9.0—10.0. Theseresults are consistent
919 00581 219 181 132 161 178 109  WithK3=3.98207
950 0219 164 257 907 131 531 668 Thus, the reactivity of CO4 ion (as a
950 0236 172 257 980 136 571 7.8  hucleophile) toward NPDEPN is ca. 20 fold
956 00588 383 314 263 270 138 199  lowerthanthatof HO, (k,, =351M ).
072 00283 291 38 164 208 0564 118 Hozt"e"er fthceoeﬂ'mage? reﬁe C?”Srt]am r?f ”,:e
reaction o anda triphen [0) Inate
975 00679 527 3% 35 377 11 248 S0 Shol K '2 _%’18 M3p>s
9% 0024 301 500 165 211 0340 107 oo o piner thS9% it mdlca—
1008 00155 286 639 157 189 0188 899 o “ihor effects of substrais &ructure and
1040 000933 274 934 156 157 0180 6.41 solvent composition on nucleophilicities of
1040 000860 223 934 143 110 00591 591

CO4 and HO, haveto be considered.
It is useful to examine Brongted rdation-

M6 There apparently is a contribution of a re-
action with HCO,, but it is not large and the value
of k HCO is uncertain. Slightly different values were
given carlier [16], because here we use a revised va-
lue of k,,- and K; was determined with ionic
strength malntalned with 2M NH4CI rather than
with KCI. The observed rate constants k agree with
K Calculated from equation (1) with values of
kHcog and kcoi‘ (fig. 1):

ISSN 0041-6045. YKP. XMM. XKXYPH. 2011. T. 77, Ne 1

ships |n comparing nucleophilicities of
HCO, and CO4 with those of “normal” anionic
oxygen nucleophiles [3] and anionic inorganic a-nuc-
leophiles [4], provided that appropriate basicities can
be established.

Kinetic parameters for decompositions of peroxy-
carbonic acd (to hydrogen peroxide and carbon di-
oxide) and carbonic acid (to water and carbon di-
oxide) are smilar, and Richardson et al. [8] sugges-
ted that this is also the situation for the first-stage
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Fig. 1. Observed rate constants k versus calculated K,
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Fig. 2. Bronsted plots for reactions of aryloxide/alkoxide
ions (1) and inorganic a-nucleophiles (2) with 4-nitrophe-
nyldiethyl phosphonate. Values of ky,, M Ls for ClO,
BrO™, NH, O™ and F~ arefrom ref. [4]. Statistical correction
for pK, of HCO, and CO42_ is 0.30. Line 1 is from data
in ref. [3]; line 2 is from the solid points, see text.

acid dissociation constants, pK, which would give,
asabase, pK,(HCO, )=2345 i.e dose to the true
pK, of HCOg rather than the apparent value in wa-
ter for HCO3 6.35 [24].

Bronsted plots for dephosphonylation of NPD-
EPN with our valuesof k,, - and k2 are shown

4 4

in fig. 2, line 2, with data for reactions with other ani-
onic inorganic nucleophiles. The reactions with
HCO, and CO,% are much faster those of NPDE-
PN with aryloxide/alkoxide ions (line 1), a standard
reaction series [3]. Rate differences correspond to

Dlogky; o, =38 and Dlogkqz- =2.5 with and respec-
tively, with the behaviour typical of a-nucleophiles
with supernucleophilic reactivity toward NPDEPN.

Reactivities towards NPDEPN of the anionic
a-nucleophiles, including CIO™, BrO™ and NH,O,
and F~*, which is a strong nucleophile in dephos-
phorylations [4], are described by the Bronsted re-
lationship, where ky, is the appropriate second-order
rate constant:

logky, = <(2.9+0.2) + (0.25+ 0.02)pK,. (17)

Introduction of rate constants for HCO, and
CO42‘ into the equation also gives a single Bronsted
relationship (line 2 in fig. 2):

logky, = —(3.06 £ 0.14) + (0.26 + 0.02)pK, , (18)
r=0.992, s,=0.14, n= 6.

Thefact that kHCO}; and kcoi' fit on the corre-

lation line, with little change in the coefficients, indi-
cates that possible %)ecific solvation of HCO, and
CO42" ions by NH," and NHj or its complexation
with H,0, have little effect on the reactivity of the
peroxocarbonate ions.

The smple reationship equation (18) indicates
that common features control the kinetic behavior of
these inorganic nucleophiles towards NPDEPN, with
rates of phosphonyl transfer being sendtive to nucleo-
phile basicities [4]. The dope of the plot of logky,
against pK, is consistently lower for a- than for
smplenucleophilesasin fig. 2, lines2 and 1 (the dopes
are 0.26 and 0.50 [3] respectively).

The point for HO5™ falls above line2. This ap-
parent high reactivity of HO, may be due to tran-
dition state stabilization by hydrogen bonding with
the equatorial oxygen atom [4] (I). The correspon-
ding hydrogen bonding by NH, in NH,0O™ wo-
uld be less important and this nucleophile fits on
line 2 (fig. 2).

H O

7

o [l I

s WP . Oy
A

The reactivity of HCO4 and the fit to the Bron-
sted relationship, are interesting because X-ray crys
tallography indicates that the resonance stabilized
structurell, isHOOC(O)O™, in the solid and probab-
ly also in solution [25], rather than TOOC(O)OH. If
this structure solely governed reactivity the nucleo-

* While F™ ion is not an a-nucleophile, in nucleophilic substitutions at phosphoryl and phosphonyl centers it
has reactivities similar to that of anionic inorganic a-nucleophile of the same basicity [4].
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HOO—C7 == HOO—CF —=
{00
—:—HDD—:::’;
(=08

philicity of HCO,4 should be smilar to that of weakly
nucleophilic HCO3™ and less than of CO3 , also a
weak nucleophile, e.g., in the reaction of CO3 with
4-nitrophenyl acetate there is a significant negative
deviation from the Bronsted plot for other “normal”
oxygen and nitrogen nucleophiles[1]. As suggested for
the abnormally high reactivity of the neutral hyd-
roxylamine [4, 26, 27] and amidoxime [28, 29] deriva-
tives and hydroxamate ions [29—31], this “non-
conventional” kinetic behavior of HCO, may be due
to stabilizing intramolecular hydrogen bonding in
the trangtion gtatelll:

|| o H\‘o ’
/7 \ C\ f','l
H R OR P
8 Yo"\ OR
R

Hydrogen bonding and proton transfer are shown
in an energetically favorable seven-membered ring
and, as with oxidation [8, 9], peroxy oxygen is at the
reaction center. Formation of the transtion sate,
[11, could be preceded by proton transfer from pero-
xide to carboxylate oxygen (general base catalysis)
concerted with peroxy oxygen attack on phosphorus:

a5
/7
o=c N g
~. I
0—0 ~_—> P —OAr

Richardson et al. [8], in discussing these systems,
point out that proton transfer could involve a solvent
molecule (water or alcohol):

H
o H—

o=t E
o0 1“- — Ok

Regardless of the detailed mechanism of dephos-
phonylation by HCO, the data point in the Bron-
sted relationship (fig. 2) involves the pK4for deproto-
nation of the carboxylic, rather than the hydroperoxy

ISSN 0041-6045. YKP. XMUM. XKXYPH. 2011. T. 77, Ne 1

group, and the fit in this relationship apparently
involves cancdlation of effects in hydrogen and oxy-
gen transfers. There is uncertainty in the extent of
contribution of reaction with HCO, which in so-
me conditions is small, and the value of ky, is un-
certain (equation (15)), and lower than expected (fig.
2). The low dope of the Bronged plot for these a-nu-
cleophiles also obscures deviations from the line plot-
ted for other nucleophiles which, except for HO,,
have no readily exchangeable hydrogen and do not
involve the cancellations noted earlier.

CONCLUSIONS. Dephosphorylation kinetics of
NPDEPN in H50,/NH4HCO4HO™ show that HCO,~
and CO4 are efficient a-nucleophiles, more reactive
by several orders of magnitude than “normal” anio-
nic oxygen nucleophiles of smilar basicities. Of all
known inorganic anionic a-nucleophiles HCO,4 ion
has the lowest basicity (pK,=3.45). Intramolecular
general acid-base catalyss appearsto be a factor in the
abnormally high reactivity of the peroxyhydrocarbo-
nateion.

PE3IOME. C menpio moncka HOBBIX BBICOKOPEAKIU-
OHHOCIIOCOOHBIX a-HYKJICO(QHMIOB M3yuyeHa KHUHETHKa pas-
noxenus: 4-aurpodenmwngumdtunpocdponara (NPDEPN) cuc-
Temoii H,0,/NH HCO,/HO™ (pH 7.7—10.4). [lanmnas cucre-
ma renepupyer uonsl HCO, u CO,” ; c ucnosnp3oBaHueM
COOTBETCTBYIOIIMX KOHCTAaHT paBHOBECHs OBLIM paccuuTa-
HBbl PaBHOBECHbIE KOHLEHTPALMH STUX HOHOB, YTO JAaJ0
BO3MOXHOCTb OTIPEETUTE KOHCTAHTBI CKOPOCTH BTOPOTO II0-
psaka ux HyKneO(bI/IJILHLIX PeaKL[I/II/I ¢ NPDEPN, k
=0.006 u Kk z—O 18 M1t (25 °C, m=2.0 M). COHOCTaB-
JICHUE B paMKax ypaBHeHUsI BpeHcTena MmoyydyeHHBIX BEJH-
9MH U KOHCTAHT K JJIs APYrHX HEOPTaHWYECKHX aHHOHOB
B peakiiun ¢ NPDEPN nossonuno otnectu nonsr HCO,
u CO42_ K THIIHYHBIM a-HyKieo¢unaMm. Pe3yabTaThl MOTYT
UMETh 3Ha4YEHHE AJIs BEIOOpa ONTHMAaJIBHBIX YCIOBHH pasio-
KEHNS SKOTOKCHKAHTOB Pa3IMYHON NMPUPOJIEI.

PE3IOME. 3 Meroro mouryky HOBHX BHCOKOpEaKIlili-
HO3JaTHUX a-HyKJIeo()IiB BUBYEHO KIHETHKY po3Kkiany 4-Hi-
tpodeningiernnpochonary (NPDEPN) cucremoro H202/
NH4HCO§/HO (pZIiI 7.7—10.4). lana cucrema reHepye io-
HH HCO4 i CO4 ; 3 BUKOPUCTAaHHSM BiJNOBITHUX KOH-
CTaHT piBHOBarum OyJl0o OOYHMCICHO pIBHOBAXXHI KOHIIEH-
Tpauii uux HOHIB, WO Jano 3MOTY BU3HAYMTH KOHCTAHTH
MIBUJKOCTI APYyroro MOPS/IKY ix HyKneoq)mLan pealcum
3 NPDEPN, k -—0006 i k 2—018M et (25°C, n¥
=2.0M). 31CTaBJ‘IeHHH B paMKaX plBHHHHﬂ Bbpencrena onep-
KaHUX BENUYMH | KOHCTAHT K Ml iHIMX HEOopraHidHUX
aHIOHIB y peaKuu 3 NPDEPN no3Boiuio BBakaTu WOHH
HCO, i CO, % runosumn a- Hykieoginamu. Pesynbratu
MOXYTb MaTI/I 3HAYeHHA U1 BUOOpY ONTHMAaJIBHUX YMOB
pO3KJIay €KOTOKCHKAHTIB Pi3HOI MPUPOIMN.
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