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‘The thertmodyoamic

watcr containing hydrochloric acid to repres the jonisation.
wag chtdined from dats at 460 ma.  Attempie to determine the p

K wvalir of picric acid wea determined spectrophofometoically in

Thli{p]{ value 0.32 (K =0.48)
walue by potentiometric

titratioos of picric aeld and by spectrophotometric measurcments of pierie neld selutions in
tha near-saturation Tange did not yvield satisfactory resulta. The new pX value i3 eompared

with previously published valuee.

1. Intreduction

Becanze of the wide-ranging importanca of picrie
acid, numerous attempis have been made to deter-
mine itz ionization econstant in water. Table 1
summarizes ionization constants or pK values which
have been reported in the literature, chiained hy
catalytic, conduectance, distribution, or spectrophoto-
metric methods.! The values obtained for & range
from ahout 0.156 to 0.6, the corresponding pIlK range
being about 0.8 to 0.2,

The principle of additivity of substituent sffects,
which ]l:;s been applied successfully in caleulatin
approximate K valuea for some of the mefn- an

.. parg-substituted benzoic scids {(for example, sse

[1, 2]p,2 cannot be used for & dependable estimate of
the K values of di- and trinitrophenols, because
the caleulated acidic strengthe are less than those
determined oxperimentally—in aome chaes, very
much lesa [3 to 5]. For picric acid, several different
estimated pK values are obtained on using different
combinations of the following experimentally ob-
tained pK walues: Phenol (10.00), m-cresol (10.089),
3. 8=xylenol {10.19), e¢-nitro henol {7.21), p-nitro-
phenol 5?.15}, 2,4-dinitrophenol {4.10), 2,6-dini-
trophenol {3.71), 2,4,6-trimtro-m=tresol (0.81), and
3,5-dimethylpicric acid (1.38). The variability of
the calculated pE values iz evident from the following
examples: . .

{1) The pE value 1.57 i3 obtained by using pK
values for phenol, s-nitrophenol and p-nitrophencl.
() Pil_'l;' gubtracting the numerical difference be-
tween the pK wvalues for phenol snd g-nitrephenol
from the pﬁ value for 2,4-dinitrophenal one obtains
1.31.

{3) Subtraecting the numerical diffcrence between
the pK values for phenol and p-nitrophenol from
the K value for 2,6-dinitropnenol gives the value
Q.ER.

{4) Bubtrecting 0.09 from the experimental pK
value for trinitro-m-cresol pives 0.72.

1 & (ow attacpds hate teen made to determine K by smi procedatey, The
resmlts gré Bl Beoded o tabe 1, piller becouse thew worm coqasdeoed pntstis-
% heppioss Lrey Were ot anpported by soF experimental details of datn,
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{5) Subtraction of .12 from the experimental |

#R value found for dimethylpicric acid givea 1.1%,

Bearing in mind that the experimental pK valuss
for the dinitrophenols ara all lower than the values
caleulated asﬁumiu% ndditivity of substitucnt effects,
onc may rcasonably expect the sxpenmentsl pK
for picrie acid, alse, to be lower than values caleu-
lated in (1) to {3). The pK wvulues caleulated in
(4) and (5} likewisa ect upper limits for the pK
value to be cxpected for picric acid. Dimethyl-

jerie acid, in particular, undeubtedly is weakened

v steric inhibition of resonance of nitro groups
with the rin%, couzed by adjacent metlvl gmuf --
this follows from well-known theorstical considers-
tions, ag well ae from ite wbsorption spectrum [4].
It is very hikely that trinitro-m-crescl, too, is weal-
enad by steric inhibition of resonance, though not
to the same degree &g dimet-h{'ipim'ic ueud.

The two following additional modes of calenlating
a gk value for picric acid,® which use only experi-
mental K values for nitrephenols, should give s
hetter estimate of the rmoge within which the true
K valie falls:

() Subtracting the difference between the sk
value for o-nitrophenol and that for 24-dinitro-
phenol from the pK value for 2,G-dinitrophencl
Fives 0.60.1

{7} Subtracting the difference hetween the pK
values for dimethylpicric seid and trinitro-m-cresol
from the value for trinitro-m-cresol pives .24,

This paper reporta the resulia obtained in apply-
ing to pierie acld the spectrophotometne procedure
useqd in Jdetermining the pK values of 3 G-dimethyl-
picric acid [4] and 24, 6-trinitro-m-cresol [5], in which

vdroehloric acid is added to represa the ionization
of dilute aqueouz picric acid. Absorbance measyre-
ments wera also made for aqueous picric acid &t
higher concentrationa. Attempts to messure the
R by potentiometric tilration wre discussed brrefly.

2. Experimental Procedures

2.1. Materials

A eommercial high grade of mieric acid was re-
crystallized several times from benzene-cyclohazana
or water, the final time from water, forming long
needles,  Prelintinary drying to constant weight at
room tempersture was accomplished by leaving the
crystals for approximately four hours in & desiceator
throuph which drisd sir passed continuslly. No
further measurable loss in weight occurred on hoat-
ing for an henr at 100 to 110 ?‘% The meliing point
was 121,510 122.0 °C. The vailues for percent purity
obtained by potentiometric weight-titrationz of two
sainples were D9.97 and 100,02,

Tﬁe hodrochiorie acid and sodium hydroride were
commercial materials of highest grade, stated to meet
A.CS5, specifications.

B Thewe were wugiested by Thneld I Wngman.

L The: wame resnlt In obtalned. of conree. by snbtracting the dif-
frromer betwoen the pK wilues for a-oltrophenot and 2,6-0000f -
rheoet from the pK vilue for 24-dlnitropbenel.

2.2. Atlempt to Datermine pK by Polentiomstric
Titradons

Soletions of picric arid sbout 0.004 &4 or 0.044 Jf
wera titrated with appreximately 0.406-14 sodiun
lli}'droxide, using glaes and sleeve-iype calemel
electrodes. The method of calculation was the
gama ns in the titrimetric determingtion of the pk ol
2 fi-dichlorobenzoie acid [2]. DBelore the titrations
the electrode syatern was checked with NBS 0.05-M

atassiuin arid phthalate buffer (pH 4.01) and 0.05-
54' potassium  tefroxalate buffer (pH 1.85). The
initial pH walues ranged from 1.50 to 1.54, and the
wverage K values from three experiments were
0.73, 085, and 0.¥4. These are no! cousidered
raliable values., In the first place, pK values cul-
culated by thia method are highly sensitive to the
mugnitude of the experimental pH velues, and Lhese
were not reproducible encugh,  There was evidence
of a tendency for picrate to erystallize near the
sleeve of the calomel electrode during lLitrations,
A soeond diffienlty conparne the stundurdization of
the instrument with bufter solutions belore the titra-
tions. The pH range near 1.50, wluch is vita] lox
thiz mwethod of determining the pIK of picric acid,
is outside the ranga of pH walvez in which tha
Hiteheock and Taxlor scale of pH values (ohtained
with buffer solutions uging cells with liguid junetion)
and the WB3 seale [obtained using cells without
liquid junetion) are in excellent agreement (6]
Near pH 1.50, the two acalea differ by .04 pH unit.

2.3, Dotermination of the pK Value by
Spectrophotometry

Absorbances were obtained with o Beckiman Model
I quartz speetrophotometer, equipped with n ther-
mostatad cell compartinent [7]. The absorptien cella
were the saime securalely imade, denountable cells of
various lengths uwsed in other spectropholometric
studiea [8]. When solutions contained hydrochloric
acid or sodinm hydroxide, the sane concentration of
ueid or alkali was present in the sumnple cell and the
reforence celll To increase the precizion of wave-
length aettings, the apectrophotometer is provided
with an aoxiliary indieator line, ag recommended in
[2]. The absorbance valoes used are the average of
et lenst five independent sehtin.%s? which ware highly
reproclucible, even on A steep slope of an sb=orption
curve,

a. Determination of pK in Hpdrochlorie Add Solutions o
Plerie Asid

Iis picric aeid solutions ae dilute as 53107 3f the
concentration of nonionized molecules i= necligibly
small unless a stronper acid i added to repres= the
ipnization, The pK value was caleulated from the
equation

K=—log [H*)—2log
? Zlog (D—D)D—DY. (1)

In_‘t-his equation [H*] denotes the totsl hydrogen jon
coneentration in moles per liter, and 5 18 oD A8
the mean sctivity coefficient of aqueouws hydro-
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chilorie seid of equivalent molarity (see [4], footnote
4). The symbels I}, I, and D apply 10 uny picric
acid golution of o given sloichiometric roncentration,
I} being the spectrul absorbance {optical density}
when {he acid 18 present cntirely aa HPi, I, the nh-
zorbunce when il is present entirely us Pi~, and I,
the absorbance when conversion of HPi te Pi~ or
vice versa i3 only partial. The use of eq (1) involves
the usual convention that v, y_=+.* for hydrochlorie
acid, ne well as the assumptions that yue =1 and
vpi— 18 the swme a3 75 for hydrochloric acid.

A recognized problem in determining spectrophato-
metrically the pK values of acids as strong as picric
acid i3 the difficully in determining 2, vsues. In
the high concentrationz of mineral seid needed for
repressing the ionization, additional effects on the
spectral sbeorplion seemn prone to occur. In tha
hope of meeting this diffieulty, niewsurements were
made not only at 355 mg, which is near the wave-
length of maximum absorption of Fi—, and at 400
mip, which iz on a shoulder of the absorption curve
for Pi—, but slso at 450 mu, where it seemed fairly
certain that B would squal zero.

k. Atbompt o Datermine 7K Using Mare Concantrabed Aquenng
Soloticna
Using the shortest available absorption cells

(0.01-cmn}, absorbance measurements were made at
450 mpu for five picric acid solutions ranging from

¢.025 AL to 0.050 M, with and without additions of
sodinm  hydroxide. The abaorbance values indi-
eated that in all of these solutions mnore than 80
perceni of the solute was present as Pi=.  An attempt
was made 1o ealculate pIE by aq (1) (with tha sane
assumptions as before). These caleulations, which
indicated that pK may ba about 0.4 or less, cannot
b considered relisble, both becauze of experimental
uneerhalnties and becwuse of the uneertamty as to
Lhow rauch the assumed activity cosfficients differ
froim the true valuss.

3. Results and Discussion
3.1. Spectral Abscrption Curves

Figure 1 shows a series of absorption curves
obtained with 53 10-%3 picric acd in water, in
(1.023-3f sodiurn hydroxide, and in aquecus hydro-
chlorie neld ranging from 0.143 M to 8 M. The
faintly doited line shows the spectral absorption
of pleric aeid in cyeclohexane (10]. The arrows
inc%icutc the three wuavelengths vaed in determining
pIL.
It is generally accepted that jomization of pierie
aaid is esseul,i,u,ﬂ}r complete in solutions as dilute as
65x10-* M. This belief finds support it our experi-
menta, m which the ahsorption curves obtained in
water uud in 0.023-M sodium hydroxide {(pH>>12)
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pgreed very closely., It waa thought desirable to
limit the excess of alkuli, ss a large coocentration
causes an irreversible deepeniliﬁ of the eolor.* The
alkali was added slowly, with stirring, to aveid
momentary large exceesas.

For all the aqueous aolutions contsining 0.724-M
hydrochloric acid or less, thers 18 & well-marked
isosbestlc point &t approximetely 307 mp, = 5050,
The curves for the three highest concentrations of
hydrochlorie acid do not pase threugh this woabestic
point, but appear to be shilted toward the ulira-
violet. The curves obtained with &M and 5-M
hydrochloriec acid are very similer at wavelengths
lengor than about 283G wg, but in the region from
sbout 320 my to 350 mp there is 2 suggestion of the
kind of behavior observed in determining the pIk
of dimethylpicric acid [4], when progressive decreases
in the absorption on the firet udditions of hydroachloric
acid were followed by incresses in the absorption at
high concenirationa of hydrochloric aecid.

As is well known, In the nesr ultraviclet and
wvisibla regions the absorption corve for aqueous
picrate appears to be the envelope of at lenst two
overlapping bands, one near 355 my and the other
in the vicinity of 400 mg* In some solvents, these
hands are more elearly distinguizheble and, more-
over, their positions vary with the nature of the
cation ffor exsmple, [14, 15]}. The absorption of
the ponionized aeid i3 also affected by the nature
of the medium (=ee fiz. 1 and [14, 14]}). Physical
constants determined from absorbance measure-
mente in a region of overlapping bands could ba in
error if, for example, ona componeot band were a
“blue-shift" band and another, 2 “red-shift” band,
or if both were “red-shift” bands not equally
affected by a changing medium.” In resent years
attempts have been made to accouni theoretically
for strong absorption bands of nitroaromatic com-
pounds, ncluding mono- and dimitrophenolz and
picric acid. For example, it haz been suggested
that the absorption hand of picrate ion near 353 mu
and the band showing as & shoulder near 400 mp are
intremolecular chacge-transler bands, in which the
phenyl and nitro groups act as eleciron-donor and
electron-accaptor groups, respectively (ses [19] and
referances eited). This is recognized as being only
a partial int-erfrat&t.iﬂn, which does not take into
account such factors as inter- and intramolecular
hydrogen bonding and sterie inhibition of resonance
of subatituent groups with the henzene ring.

3.2, Besults of pK Determinations in Agueous
Hydrochloric Acid
o, pK Velus Determined ot 450 mu

Table 2 summarizes the results obtained by cal-
culating pK from ahzorbancs data at 450 mg. The

1 ‘This reaction 15 discused In (11, 12
HIn ca3ps ke #bis, WVandambelt and Henrich’s discoisdon wnd jllgatratisns of
overlappiog absaption bands [L] nm helpful In rbmnlidng protable locntions
Mrtm ﬁﬁm 1;;‘5'“3!' spcirigeopy, soch o [I6 be 18], disciias b1
B on ahagpption ¥ B 25 hlues
el red-ahdftn, reterring to origioel papers.

equation ueed snd the aszumptionz made shout
wetivily coeffitients were discussed in section 2.7a.
At 450 my the additional assumption was made that
IN=0, justification for which is as follows:

{1} The ebeorbance of pieric acid in 6-M and 8-M
hydrochleric acid ia negligibly amall 26 450 me and -
aven shorter wavelengths (fig. 1).

{2} Under comparable experimentnl conditions
irrie Aoid dissolved in cyclohexana (ses Bg. 1) or

enzene [15] has nepligilbly smull abaorbance in ihis
regicn.
{3} Nonionized 2 4-dinitrophenol does not absorb
meazurably al wavelengihs ag long as 450 mu; the
close similarity of the sbsorption curves of 24-
dinitrophenol and pieric acid in hoth acidie and-
alkaline splutions has been pointed out [11].

Averaging all of the results irem three inda-
pendent experiments gives (.33 as the pK valus of
picric acid. {The average obtained by inecludin
only the pE velues obtained for Cye =0. 241 ﬁ' .
or greater, where the walues of log [D{D,—IA]
are in the beat range, is not significantly different,
from the average based oun all 26 values.)
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The good agresment. of the results was unexpected,
conzsidering the uncertsin wvalidity of assumptions
made in applying eq (1) and the fact that tha wave-
length of measurerdent wae on a steep slope inatead
of on or close to the head of an absorption band

- {fwhich 13 pgenerally considered desirabla, when
feasible). owever, a8 noted in section 2.3, no
difficulty was experienced in obtaining ahaorbanece
- values of high precision,
’ Ay table 2 shows, the stoichiometric concentration
of picrie acid was varied 100-lold in 8 dilute range,
amf the conceniraiion of hydrochloric acid extended
- from ahout 0.05-44 to G.07-Af.  Since the pK values
obtained ynder these conditions show no perceptible
trend, it seems justifiable to conclude that the pK
walue adopted is valid at zero ionic strength.

k. 2E Volues Qbktnined From Dato of 358 mp and 400 mp

The apectrel shifts in the most highly concentraled
. hydrochloric acid solutions (eee sec, 3.1) interfere
with experimental determination of I values at
385 mp snd 490 mu. A general idea of thair probable
magnitudes can be obtained from the appesrance
of the curves and the rcompsrative absorbance
values &t all thres wavelengths, pK velues were
caloulated assuming two different values of I which
were thoupht to rcover the most likely range of
values. The results sre presented in table 3.

While the values of pE obtained from the ab-
gorbapnce data at 355 mm and 400 my are in the
viginity of 6.3, in agreement with the reaulta obtained
ab 450 my, the values in table 3 show a gradusl in-
crensa in mapgnitude with increasinﬁ congentration of
the hydrochlorie acid. Conceivably this behavior
- peeurred for one or more of the following reasons:

{1) Adoption of values for D), that were & Litile too
Ivw, The values adopted were believed to be close
to the correct values, but, 8= table 3 shows, at 355 mu
an increase of only 0.006 in the value of I); can bring

 tha pK wvalues into fairly good sereement with tha
geries obtained at 450 my (see values enclosed in
brackets).

(21 Owverlapping sbsorption bands of picrafe ion
that are not equally affected by the progressive
changes in the medium (ses zec. 3.1].

(3) The gradual hypsechrowmic (““blue") shift in
the absorption curve of nonionized picric acid.

{4) Slight changes in the epectral absorption re-
sulting from interaction of pieric seid with trace
impurities in the hydrochloric acid.

2.3. Concluding Discussion

As indicated above, attempts to determine the pK
ol pieric acid in water by potentiometric titration
fsec. 2.2) or hy applying spectrophotometry to neatly
saturated solutions {see. 2.3b) did not vield resulis
that wera considered reliable,

Howaver, the consistent spectrophotometrie reaulta
obtained at 450 rog with picric acid solutions covering
the range 5 <1078 M to 53107* M, in the presence
of approximately 0.05-M 1o 1-M hydrochlorie aeid,
point to the pK wvelue 0.33 at 28 °C.  The results

Tabr® 3. pK of pierie acid 1o water at 25 °C froin dats at
3535 ma and 400 my*
bom 388 My Tl TH om0 T Fh=0.408
hMoer
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Lt La, it is Lhe experimental valns for 350 mu.

4 T B am arbitrarfly selected valne,

obtained st 355 mu and 400 mp, though less con-
sistent, suppork this choice. The pK value (.33 ia
fauirly close to three spectrophotometric values ob-
tained enchier nt 20° (table 1, footnote h) and st 25°
{table 1, footnotes j and 1),

It would be gratifying if this value agreed closely
with the latest reported value {(pK approx. 0.71},
obtained from sccurate conduclanee mesasurements
(tabla 1, footnote k). OUne mey speculate as to
whether apechrophotometry and conductometry will
always yield the zama pE valoe, in view of recent
reports ([20, 21] wnd references cited) that flash
photolysis of certnin derivatives of phenol producea
shortiived excited statea of considerably enhanced
acidity. However, one of the pK values obtained
by conductance (table 1, footnote i) is not far from
I;I{a spectrophotometric value obtained in this work,
and, as shown in table I, K valuea ealeulated from
conductance messirementa depend on assumptions
made (for example, table 1, footnote d). Moreover,
the lantest conductance messurements covered &
rather restricted range of concentravions of picric
acid (2.358% 1077 M to 4.410X107* M),
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