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The ultraviolet-visible (UV—vis) spectroscopy of hydrogen peroxide in concentrated sodium hydroxide
solutions was studied. The peroxide band in the UV range shifts fr@i4 nm to~236 nm as the NaOH
concentration increases from 0.338 moldrto 13.1 mol dnm3. The band originates from an intramolecular
electronic transition of the hydroperoxide anion HQas indicated by the negligible temperature effect on

the band position and confirmed by ab initio quantum mechanical calculations. It is postulated that the
bathochromic shift of the peroxide band that accompanies the increase in NaOH concentration originates
from the formation of the ion pair (N&1O,~). The equilibrium constant for the ion association reaction
(0.048 mof?* dn?) and the characteristics of the individual absorption bands of the hydroperoxide anion and
its associate with Nawere determined from the numerical modeling of the absorbance data, using the binding
mean spherical approximation (BIMSA).

1. Introduction mean spherical approximation (BIMSA) thedry-his model
combines the mean spherical approximation (M3Ajor the
description of ior-ion electrostatic interactions with the Wer-
theim formalisnd® for that of ionic association. It has been

(red-0x) properties. For instance, an alkaline solution of applied to associating aqueous electrolyte solutions for repre-
hydrogen peroxide is extensively used by the paper and pUIpsentations of experimental activity and osmotic coefficiéhts.

i lity bleachi LA h . . .
industry as a quality bleaching agent. Attempts have been madem the more-recent implementation of BIMSAthe sizes and

to develop electrochemical reactors based on the fuel-cell h fthe i in th . Id b d o be diff N

principle 13 which would produce peroxide in a cleaner, safer, ?r ?rrlgtis 0 ftlr?n?rm hedpraltr goiun ?assumem fortil : ;afrer':

and less-expensive way than the existing antraquinone technol- 0 ose ot e Iree hydrated 1ons, to account for the eftec
of dehydration in the pairing process. The latter version was

ogy. On the other hand, peroxide is an unwanted byproduct of L o

proton-exchange membrane fuel cells (PEMFCs), because it iSalso successfully used to assess the thermodynamic dissociation
: . ’ _constant (i) of 3-phenyl-4-benzoylisoxazol-5-one (HPBI) in

most likely responsible for the premature membrane degrada concentrated solutions of strong acidsdere, the BIMSA is

tion# A significant peroxide generation can also occur in chlor- : o .
alkali cells that use oxygen-depolarized cathddEse unwanted Zﬁghﬁgt—o account for the association of Naith both OH"

reaction is enhanced by the low water activity in highly
concentrated NaOH solutiofi$Vhile exploring the factors that o Experimental Section

influence peroxide generation in oxygen-depolarized chlor-alkali .
cells® we discovered that the ultraviolet (UV) band of peroxide All NaOH and NaOH + H.0, solutions used for the
spectroscopic measurements were prepared using the concen-

in the highly concentrated NaOH solutions was located at 4 NaOH qi h d depolarized

significantly longer wavelengths than the band of hydroperoxide gﬁfr alkgli cel??tT:tr?/ch gﬁppg?i\mﬁ fp?;ﬁﬁr?{ c%?gljzrzg
ion that b d by Muh d and Rao i I Rauheri )

anion that was observed by Muhammad and =ao in an earyoxygen diffusion cathode and an Asahi F4232 specialized chlor-

(and probably only) spectroscopic study of peroxide in an ) . X
alkaline mediunt.Because the strong bathochromic shift of the a!kah mc_embra_né.The advantage_of these solut!c_)ns was ‘h?‘”
high purity, which guaranteed an increased stability of peroxide

UV band Id indicat h in th id ilibrium, .
anc could indicate a change In te peroxiae equitbrum and lower UV~vis backgrounds, as compared to the com-

we undertook a systematic study of the peroxide spectrum in . . )
NaOH solutions to elucidate the chemistry responsible for the mefc'a”y available a_nalytlcal-grad_e NaQH. Stock NaOH_squ-
tions were standardized by titration with a 1.000 mol<dm

observed phenomenon. . . . . :
In this paper, we demonstrate that the observed changes inhydrochlonc acid (Fisher) against phenolphthalein. The NaOH

peroxide spectrum in concentrated NaOH solutions result from SOIUtion_S of lower con(_:entrations were pfepaf_e‘?' by diluting the
the ionic association of hydroperoxide anion (Fand Na-. respective stock solution to a volume with Millipore water.

. .. .- T i i 0, i i
To describe the association quantitatively, we used the binding (Fgﬁ(::;nvs;giltlgng;?(yiigflby3ti/t0rakt]i)(/)cr‘1r\c/)v§i]t$1na gelrgégjeN f’oogjztggo
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Hydrogen peroxide is a versatile, environmentally friendly
chemical agent, which exhibits pH-tunable reductiomidation
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The peroxide concentration in the NaOH samples obtained 3. Theoretical Section
from the electrolysis was determined using a method of Aziz
16 .
and Mirzal® which was based on a decrease of absorption of the assessment of hydroperoxide ion association.

alkalir_le KsFe(CN); solution at 418 nm upon its reaction Wit_h Because Naand OH" are dominant in the solutions studied
peroxide. '_I'he method was modified usmg_hlgher concentrations o, .o (HO, was introduced in tracer amounts), it was assumed
of NaQH in the reference #e(CN) sol_utlon, to reduce the 3¢ the concentration of free Nawas governed by the
potential effects of NaOH concentration on the Fe(€N) association equilibrium between these two species. This as-

spectrum when using highly concentrated NaOH solutions. In g4ciation was described following the method described in ref
the original method, the concentration of NaOH in the reference 13

sample was 0.1 mol dri, whereas in the present work, itwas  Thjs feature brings significant simplification to the description
0.8 mol dn1. The higher concentration of NaOH also acceler- f the association of Naand HG -, which was done as follows.
ated the reaction of peroxide with ferricyanitfe. The mass-action law present in the BIMSA model may be

Analytical-grade (“Baker analyzed”) potassium hexacyano- expressed as
ferrate (Ill) (J. T. Baker) and certified ACS sodium hydroxide
(Fisher), which was used for the spectrophotometric determi- K= ﬁr 1)
nation of peroxide, according to Aziz and Mir#awere used 0102
as received.

The ultraviolet-visible (UV—vis) spectra were measured in Which K is the thermodynamic association constant for the
using a Hewlett Packard Model 8452A diode array spectro- reaction N& + HO,™ <> NaHQ.. The parameters, andp, are
photometer. The majority of the spectra were measured at anthe number densities of free Nand HQ", respectivelype is
ambient temperature of 225 °C. The measurements at higher  that of the pair, (NaHO; "), denoted by the subscript P, and
temperatures were accomplished using thermally pre-equili- Fepresents the ratio
brated cuvettes and solutions. Because of the high purity of the
NaOH solutions used, no noticeable thermal decomposition of r Y
peroxide was observed in times necessary for the sample Y1¥o
handling and measuring spectra.

Quantum mechanical calculations for BHQ 0,2~, NaGH,
and NaOH were performed using HyperChem Pro 7.5 (Hyper-
cube, Inc.) molecular modeling software. The first approxima-

In this section, we give the main BIMSA relations used for

)

with y; being the activity coefficient of species
The quantityr can be calculated in the BIMSA. One Aas

tions of equilibrium_ geome_tries of the species of inte_rest u_nder r= a4 exp—BAu, — BA1, + PAus+ BAwy)  (3)
vacuum were obtained using the molecular mechanics with an 34

Amber force field'” The geometries were further refined using o

a restricted HartreeFock (RHF) ab initio method In the wheregss denotes the contact value of the radial distribution

function (RDF) for species 3 and 4 (Na and Hi@ the pair),
respectively, and the superscript infinity symbel) (denotes
infinite dilution of the solute. The expressiongy, can be found
in ref 13 (eqs 23-27). Moreover, in eq 33 = 1/(kgT) (where
ks is the Boltzmann constant afids the temperature) antlu;
denotes the excess chemical potential of speciesich is given
by

calculations for hydroperoxide (HO) and peroxide (&%)
anions, the 6-31t+g2d2p basis set was used, whereas for the
larger NaGQH and NaOH molecules, the smaller 6-31G** basis
set was used. The spectral characteristics for the optimized
geometries of the ions and Na@® were obtained using a
restricted HartreeFock method (RHF}® using the respective
basis sets and the singly excited configuration interaction (Cl),
employing all occupied and all unoccupied orbitals. The 51 gHS
corresponding numbers of occupied and unOCCL_Jp|ed orbitals BAL; =ﬂAﬂiHS+ﬁAﬂie' — pp 34 (4)
were as follows: 9 and 59 for HO, 9 and 49 for @, and 14 ap;

and 40 for Na@H. Consequently, the resulting number of

configurations considered was 1063, 883, and 1121 fos HO in which the superscripts “HS” and “el” indicate hard sphere
0.2, and NaGH, respectively. and electrostatic contributions, respectively. The expressions of

BAuS and Aul'can be found in ref 19 (in the teri; of eq

30 and the first term of eq 19, respectively). Notice that the

contribution of the last term of eq 4 is small, because the total

concentration of hydroperoxide ion was low in the experiments.
The proportion of free HO', X2 = p2/(p2 + pp), can be

obtained easily from eq 1. One gets the simple result

The effects of hydration on the geometry of HOO2",
NaOH, and NaOH were evaluated using the molecular me-
chanics (see prior discussion) for the system that consisted of
the ion/molecule of interest and 216 water molecules in a cubical
box. The initial molecular mechanics optimization of the
geometry was followed by a molecular dynamics (MD) simula-
tion, where the system temperature was stepped from 100 K to 1
300 K and thermally equilibrated for 0.5 ps, and finally by X3 Zm )
another molecular mechanics calculation for the configuration '
obtained from the MD simulation. After that, water was removed in whichr is given by eq 3 anqjl, which is the number density
from the box and another single-point RHF calculation was of free Na, is computed within the BIMSA, using the results
performed to calculate the single-point energies and the respecof ref 13 for binary NaOH solutions.
tive spectra. One notices that eq 5 is an implicit equationxin because

The convergence limit for all ab initio calculations was 1,0 the latter is also present in(through the quantityp in eq 4,
and the two-electron integrals cutoff was set at®?0Both the and in the expressions ﬁﬂ#{*s andﬂAﬂie'). The speciation of
ab initio and molecular mechanics calculations used a Polak the hydroperoxide ion was computed numerically by solving
Ribiere optimizer. egs 3-5, using an iterative procedure. However, because the
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Figure 1. Spectrum of the 11.2 mol dr (29.2%) NaOH solution Figure 2. Absorbance of hydrogen peroxide solutions in 0.676 mol
generated in a chlor-alkali cell with an oxygen-diffusion cathode. dm= NaOH at selected wavelengths, corrected for the background

absorbance measured for pure NaOH solution.
total concentration of hydroperoxide ion was low in the
experiments, all terms that contaipcould be equally neglected
without a sensitive loss of accuracy.

4.2. Stray Light Effects. To quantify the stray light effects
on the measured absorbance of peroxide, the spectra of two
NaOH solutions (0.676 and 8.12 mol df) that contained
several concentrations of peroxide were measured. We observed
that the absorbance increased linearly with peroxide concentra-
4.1. Spectra of NaOH SolutionsThe typical spectrum of a  tion up to a factor of~2, whereas a noticeable negative
NaOH solution generated in one of our chlor-alkali cells is departure from the LamberBeer law could be observed at
shown in Figure 1. The positions of the UV cutoff (band I) in higher optical densities. Eventually, the measured absorbance
our solutions and the solutions that contain identical concentra- stopped changing with the peroxide concentration and reached
tions of commercial NaOH were indistinguishable. Band | was a weakly wavelength-dependent limiting value-e8 (Figure
attributed to the charge-transfer-to-solvent (CTTS) transition of 2). The maximum absorbance of3 reflects exclusively the
the hydroxide aniod? Because of the stray light, the maximum amount of stray light reaching the detector and carries no
absorbance measured for this band attained a value2of information on the light absorption by the sam@ldt can be
(Figure 1), irrespective of the NaOH concentration. used to calculate the intensity of stray light at a given wavelength
Band Il was attributed to the hydroperoxide anion HO and the corresponding negative absorbance errors resulting from
which is the predominant form of hydrogen peroxide in alkaline the stray light.
media’?! The presence of a roughly linear correlation between  The limiting absorbance and, hence, the absorbance errors
the intensity of band Il and the determined concentration of could not be directly determined for the longer wavelengths
peroxide strongly supported such an assignment, even thougtstudied (Figure 2), because the slow decomposition of peroxide
band 1l was located at noticeably longer wavelengths than the led to the formation of small oxygen bubbles in the solutions
peroxide band observed by Muhammad and Raand Il could that contained the required peroxide concentrations. In such
not be attributed to the impurities of NaOH, which may have cases, the limiting absorbance was obtained from a numerical
been transferred through the membrane from the anode com-itting of the absorbance versus concentration plots shown in
partment, such as chloride and chlorine oxo-anions. Chloride Figure 2. The following equation was used to fit the d&ta:
and chlorate, which are the two most likely impurities of NaOH
generated in a membrane procésss well as perchlorate, Aeafd) = —log(10 W + B) (6)
absorb in the far-UV regioff;2324and their molar absorptivities
at 220 nm are very low. The spectrum of hypochlorite exhibits The parameteB in eq 6 is the ratio of intensity of the stray
a band in the near UV region, but the band is centered at 292Jight to that of the incident lightl{yay/lo) and is assumed to be
nm2526j.e., at significantly longer wavelengths than the band constant at a given wavelength; is the molar extinction
that we observed. Among the absorption bands of chlorine oxo- coefficient,C is the molar concentration of peroxide, afds
anions, the chlorite band at 260 nm with the molar extinction the cuvette thickness. The terfi)Co represents the absorbance
coefficient of ~15%427 seems closest to the band that we that would be measured in the absence of stray light.
observed. However, chlorite is rather an uncommon impurity  The relative absorbance errors that result from the stray light
of NaOH from the membrane electrolysis, most likely because for 2.00 mmol dm3 peroxide concentration at two different
it reacts with hypochlorit® and, thus, cannot accumulate in  NaOH concentrations and four selected wavelengths are plotted
the brine and travel across the membrane to the cathodein Figure 3. Although the errors 6f1.3% and—2.7% at 290
compartment. nm (Figure 3) determined for 8.12 mol dfhand 0.676 mol
As expected for the inherently unstable hydrogen peroxide, dm~2 NaOH, respectively, may seem relatively high, one must
the intensity of band Il slowly decreased over time and the band note that the absolute absorbance errors for this peroxide
would eventually disappear after several hours to a few days. concentration were never higher than 0.004 and, for most
The spectrum of the solution taken after the disappearance ofwavelengths, did not exceed 0.002. Because a variety of
band Il exhibited a lower baseline absorbance than the spectrumphenomena can lead to significantly higher errors, we concluded
of a NaOH solution of comparable concentration prepared usingthat the spectra obtained for 2.00 mmol dhperoxide were
the commercial product and, thus, indicated a higher purity of sufficiently accurate and we selected this concentration for
NaOH generated in our cells. In accordance with the afore- further studies.
mentioned finding, the alkaline solutions of hydrogen peroxide  4.3. Effects of NaOH Concentration on the HQ~ Band.
prepared using our NaOH exhibited a higher stability than those The UV cutoff shifted from~220 nm to~230 nm when the
obtained using the commercial product. NaOH concentration was increased from 0.338 mol &

4. Results
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Figure 3. Measured absorbance, and its relative error resulting from
stray light, for 2.00 mmol dr® peroxide in ®) 0.676 mol dnm® NaOH
and @) 8.12 mol dn12 NaOH.

500

400

300

200

¢ (mol'dm’cm™)

100

0
180 200 220 240 260 280 300 320

Wavelength (nm)

Figure 4. Molar absorptivity of peroxide in 0.338 mol diiNaOH
obtained from the experimental spectrum of 2.00 mmotperoxide

(- - -) corrected for the background (NaOH) absorption anrgl ffom

the numerical fitting using the semilogarithmic Gaussian function (eq
9). The sudden drop of the absorptivitylak 220 nm results from the
failure of the background correction, resulting from the stray light.

340

13.1 mol dnT3 (ca. 15 mol/kg). Despite the shift, the peroxide
band seemed to be better separated from the dthd in more-
concentrated NaOH solutions. Because of the substantial stra
light effects at the wavelengths corresponding to the UV cutoff,

J. Phys. Chem. A, Vol. 110, No. 51, 20083871
€
max
70 280 580
68| 260 s60 >
- ] 3
£ 66F 240 540 3
& C 2 M ] ]
4 2
o max 1 o)
S e4L J220 520 &
< ﬂ]ﬂz . gP
62| & J200 500
i e ]
gobetintiitiitt, M Nqgo 480

0 2 4 6 8 10 12 14
NaOH Concentration (mol dni®)
Figure 5. Dependence of the parameters characterizing the peroxide

band obtained from the numerical fitting of the spectra, using the
semilogarithmic Gaussian function.

and is defined differently for each function. The semilogarithmic
Gaussian function (eq 9) was determined to consistently produce
the best fits. The best semilogarithmic fit of the peroxide
spectrum in 0.338 mol dn¥ NaOH is shown in Figure 4. The
corresponding band parametétgax €(Amax), and the bandwidth

at the half-height A1/,), obtained from the numerical fitting,
are shown in Figure 5. For the semilogarithmic Gaussian
function, the parametek;, is given by

. /In 2
A1/2 = 2]'max Slm‘( 7)

The plots in Figure 5 demonstrate that the strong bathochromic
shift of peroxide band is accompanied by an increase in the
band intensity and a decrease in its width. The observed effects
may indicate the presence of a NaOH-concentration-dependent
equilibrium that involves H@", or the CTTS charact&rof the
electronic transition in question, or both. This issue is further

iscussed in the next two sections.

4.4, Effect of Temperature and Dielectric Constant on

(10)

our attempts to extract the peroxide band from the measuredPeroxide Spectrum.Although the high sensitivity of peroxide

spectra by subtracting the absorbance of pure NaOH solution
failed (Figure 4). Quite predictably, numerical procedures to
determine the individual components that correspond to OH
and HGQ™ also failed. The approximate spectral parameters that
characterize the peroxide band were thus obtained from a
numerical fitting of its long-wave portion measured for the 2.00
mmol dnT3 peroxide solutions. The short-wave limit of the

spectrum to NaOH concentration may indicate its CTTS
character, the low intensity of the band may suggest otherwise,
because the majority of CTTS transitions are characterized by
high oscillator strengths. However, for a small number of CTTS
transitions, quite low intensities were reporf8®ur estimates

of the energy of the hypothetical CTTS transition for 3O
indicated that the relatively low energy of the peroxide band

respective wavelength range was dependent on the NaoHWas not excluding its CTTS character either. The correlation

concentration and typically corresponded to the measure
absorbance of 1-41.2. The stray light errors in this range were
still negligible and the corrections for NaOH absorption were

small and, thus, considered accurate. At the same time, a

significant portion of the band at wavelengths shorter than that
of its lower-energy inflection point was included in the analysis,
thus making the numerical fitting more reliable. Three different
Gaussian functions were attempted:

Aneas= E(lmam)C(S eXF{_Y(% - %)2] (7)
Ameas= e(j'mm)cc3 exp[_V(/lmax_ /1)2] ®)
Aresi= i o [} @

The parametey in eqs 2-4 is a measure of the band broadness

gof the CTTS energies with the redox potentials of the corre-

sponding radicals for a series of aniéh% led to a value of
238 nm for the wavelength of the hypothetical CTTS transition
for HO,~, which is quite close to the measured wavelength of
the peroxide band. More rigorous estimates within the frame-
work of the diffuse model of the CTTS phenomé&h#& 35 using
the published vertical ionization potential of HO(see ref 36)
and the estimated range for crystal radius of H@roduced
even a longer wavelength for the transition, namely 304 and
402 nm for its lower and upper, crystal-radius-dependent limit.
To unequivocally determine the nature of the peroxide electronic
transition, we decided to examine the effect of temperature on
the peroxide spectrum. Unlike intramolecular transitions, CTTS
transitions are sensitive to temperature changes and exhibit a
significant bathochromic shift that is caused by a temperature
increase?

Spectra of 2.00 mmol dn# peroxide in 0.676 mol dm?
NaOH were measured at different temperatures, ranging from
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SR 0.8 TABLE 1: Calculated Electronic Transitions of
Eop Jo7 Hydroperoxide (HO,~) and Peroxide (O2~) Anions
F peroxide _ 0.6 Amax (NM)  oscillator strength  transitior? remark
° 1.5 » E —
e L Jos5 = HO,™ in vacuo
s L E 0.4 2 325.96 0.0003 2a— 84
§ 1 ERg § 263.99 0.0003 7a—~8d
2 r 403 3 246.70 0.0052 2a—9d, 16d
0sE< J02° 217.36  0.0120 7a-9d, 164
E ERY HO,™ in water
N A - N 466.12  0.0003 25— 8d
333.56 0.0070 7a— 84
220 240 260 280 =300 217.17  0.0280 25— 9d
Wavelength (nm) 186.14  0.0434 7a—~ 9d
Figure 6. Temperature effect on the peroxide and Obands: ) 0,2~ in vacuo
25°C, (---) 32°C, (--—) 48°C,and ¢ - -) 70°C. 34850  0.0245 (0.0490) a3— 3o doubly degenerate
185.17 0.3592 — 1x
25°C to 70°C. The results of these experiments are shown in o i:gwater ’
Figure 6. As expected, the UV cutoff (CTTS band of QH 44288 00330 (0_0665) A 30, doubly degenerate
shifts significantly toward the longer wavelengths when the 23361 0.1569 ty— 2,

temperature increases; however, the peroxide band position aValues in parentheses represent the total oscillator strength for the
remains constant within 1 nm, thus indicating an intramolecular degenerate transitionSExpressed using ground-state orbitals that

character of the transition. ) ) predominantly contribute to the transition.
The intramolecular nature of the peroxide band, which was

further supported by the quantum mechanical calculations (seeof the weaker 7a— 8d transition (Table 1) seems to be
below), suggests that the observed changes in peroxide spectruroverestimated, because the measured spectra exhibited virtually
result from a chemical equilibrium that involves the hydroper- no light absorption at-333 nm.
oxide anion. Based on the concentration argument, the most The results of quantum mechanical calculations fef O
likely processes that involve HOin highly concentrated NaOH  (Table 1) do not provide proof that the NaOH-concentration-
solutions are the ionic association and the abstraction of thedriven changes in the peroxide spectrum result from the ionic
second H cation. The second acid dissociation of hydrogen association rather than the formation of the peroxide anign O
peroxide seems relatively less likely, because this reaction isat high NaOH concentrations. The dry or partially hydrated
highly endothermic AH° ~ 100 kcal/mol§! and its expected = mixtures of solid sodium peroxide and sodium hydroxide have
equilibrium constant is extremely low. On the other hand, the a yellowish color® which seems to remain consistent with the
ionic association of He is very probable, based on the calculated wavelength (442 nm) and oscillator strength (0.0660)
comparison with OH, which forms strong associates with the of the 1ty — 3oy transition (see Table 1). However, the most-
Na' cation1?37:38Tqo verify the ion association hypothesis, we concentrated NaOH solutions used in this work that contain
examined the effect of methanol on the peroxide spectrum. We peroxide never exhibited a yellowish coloration. Also, the
determined that the peroxide band measured for 0.338 mot dm crystals of hydrated sodium peroxide @a-8H,0) are color-
NaOH in a mixture of~84% methanol (by volume) and16% less#t which may suggest that the wavelength of the,
water was shifted by~10 nm toward the longer wavelengths, 30, transition and/or its oscillator strength obtained from the
as compared to the respective aqueous solution. At the samecalculations may be overestimated. If this is the case, the
time, the band intensity decreased ©80%. Although the changes in peroxide spectrum resulting from the increase in
observed shift of the peroxide band cannot be indisputably NaOH concentration might result from the growth of the strong
attributed to an increase in ionic association, it is in the same 1ry — 27, band at~234 nm (see Table 1), accompanying the
direction as the shift resulting from an increase in NaOH formation of minute quantities of hydrated®. Nevertheless,
concentration, which remains in agreement with the expected as mentioned previously, such a hypothesis must be treated with
effect of the lower dielectric constant of the methanol/water caution, because of the extremely low expected value of the
mixture® on the ion association of hydroperoxide. second acid dissociation constant of hydrogen perddide.
4.5. Quantum Mechanical Calculations.4.5.1. Spectra of  Additional support for the ion association hypothesis was
HO,~ and Q2. The calculated ground-state configurations of obtained from the quantum mechanical calculations for the
HO,™ and Q%™ are (183(2d)4(3d)3(4d)3(5d)4(1d")4(6d)3(7d)> NaOH molecule described in the next section.
(2d")? and (Ig)2(10u)*(209)%(20u)*(1m)*(30¢)*(1rg)*, respec- 4.5.2. NaOH and NagH Molecules.Figure 7 shows the
tively. The spin-allowed transitions with nonzero oscillator optimized geometries and charge densities of fh&nd NaOH
strengths, calculated for hydroperoxide and peroxide anionsmolecules under vacuum and in water. Both molecules assume
under vacuum and in aqueous solution, are listed in Table 1. higher symmetry under vacuum than in solution. Although the
The data in Table 1 also include the relatively strong electronic NaOH molecule is linear under vacuum«J@oint group) and
transitions in the lower-energy vacuum UV region, which may NaG,H is planar (G group), their respective symmetry groups

have slightly contributed to the measured absorbance. in water become Cand G, respectively (Figure 7). The
Based on the data in Table 1, it can be postulated that thesymmetry changes that result from hydration are accompanied
peroxide band most likely originates from the''2a> 9d by significant changes in the bond lengths and angles. The

electronic transition in Hgr. The extrapolation of the measured Na—O bond stretches upon hydration from 1.920 A to 2.235 A
peroxide band to zero ionic strength, followed by the numerical in NaOH and from 2.070 A to 2.252 A in Na8 (see the Na
integration, leads to a wavelength of 213.8 nm and an oscillator O(2) bond in Figure 7). Similarly, the ©H bond in NaOH
strength of 0.0149 for the resulting band, whereas the calculatedstretches from 0.938 A to 0.971 A and from 0.939 A to 0.984
wavelength and oscillator strength for thé'2a 94 transition A'in NaOH (see the HO(1) bond). The G0 bond in NaGH

are 217.17 nm and 0.0280, respectively. The oscillator strengthcontracts from 1.477 A under vacuum to 1.325 A in water. In
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O2)
Oy NaO,H

-02) TABLE 2: Calculated Electronic Transitions of NaO,H in
oy

Different Environments

IH £] Amax (NM) oscillator strength transitién
in vacuo
266.01 0.0025 3a— 124
250.83 0.0006 3a— 134, 194
217.67 0.0192 11a—- 124
208.02 0.0058 11a— 134, 194
199.66 0.0074 3a—4d’
B 192.58 0.0014 3a— 144
oo 186.98 0.0080 3a— 134, 194
water
hydrated in vacuo 431.26 0.0326 14a> 15a
347.07 0.0107 13a> 15a
293.39 0.0072 14a 16a
281.98 0.0027 l4a 17a
250.92 0.0006 14a- 18a, 19a
238.91 0.0110 13a- 16a
230.91 0.0269 13a~ 17a
211.79 0.0030 13a- 18a, 19a
187.53 0.0102 14a- 19a

a Expressed using ground-state orbitals that predominantly contribute
to the transition.

on O atoms to an orbital predominantly localized on the Na
atom. This observation demonstrates that the formation of

Figure 7. Geometries of NaOH and NaB molecules (top) and their (Na"HO,") in co_ncer_ltrated NaOH _SOIUt'OnS IS likely to cause
total charge densities (bottom) obtained from molecular mechanics andthe bathochromic shift of the peroxide band if the geometry of
ab initio calculations (see text). The charge density contour value is the pair resembles that of hydrated N&idfrom the molecular
0.005. mechanics calculations.
4.6. lonic Association of Hydroperoxide Anion.The results

the NaQH molecule, the NaO—O angle increases from 7053  presented in the previous sections strongly suggest that the
to 112.69, the H-O—0O angle increases from 103:3% bathochromic shift of the peroxide band originates from the
108.99, and the torsion NaO—O—H angle changes from 180  formation of ionic associates between FHCand N&. Unfor-
(planar molecule) to 89.34upon hydration. Also, the charge tunately, the determination of the number and spectral charac-
of the Na atom in the NagBi molecule decreases upon hydration teristics of the species that contribute to the peroxide spectrum
from 0.789 to 0.746. The observed changes in the equilibrium is not easy. This is because the methods commonly used for
geometries of the molecules remain in agreement with the such purposes, e.g., the singular-value decomposition (SVD)
intuitively expected effects that a polar solvent would have on method*2 are not readily applicable in the present case, because
the polar Na-O and H-O bonds and how these effects would the changes in peroxide spectrum are accompanied by the
influence the geometry of the molecules. changes in ionic association of NaGH7-38water activity}3

The classical character of molecular mechanics calculationsand ionic activity coefficients. In our initial attempts to
does not allow one to identify the calculated geometries of determine the number and spectral characteristics of different
hydrated NaOH and Na®l molecules with the actual geom-  peroxide species, a numeric procedure was used to deconvolute
etries of the respective ionic associates in agueous solutionsthe spectra into several Gaussian components. The results of
However, the calculated geometries are believed to reasonablythe deconvolution using two Gaussian components remained
approximate the true geometries of the associates in solution.in an approximate agreement with the model, assuming the
Consequently, to obtain the approximate spectral characteristicsformation of the ion pair. The deconvolution using three
of (Na"HO,") and evaluate the effects of ion pairing on the Gaussian components also suggested the presence of two major
HO,~ spectrum, we performed RHF ab initio calculations for species in the equilibrium. However, the differences between
the optimal geometries of NaBl under vacuum and in solution  the results obtained in both cases, as well as the overall scatter
(see Figure 7). The calculated spin-allowed transitions with of data, made the conclusions questionable. Using four different

nonzero oscillator strengths are listed in Table 2. components in the analysis produced meaningless results and
The data in Table 2 demonstrate that the UV spectrum of the method was eventually abandoned.
NaOH under vacuum is dominated by the 1+al124d transition Consequently, it was assumed, in further analysis, that only

at 217.67 nm with an oscillator strength of 0.0192. The spectrum two peroxide species, HO and (NaHO;™), contributed to the

of NaO,H in solution exhibits at least four relatively strong equilibrium and the measured spectra. In addition to peroxide,
electronic transitions in the non-high-vacuum UV range. These the following species were considered in the assumed model
are the 14a— 15a, 13a— 15a, 13a— 16a, and 13a— 17a of equilibrium: “free” OH™ and N4 ions as well as (N&OH")
transitions, at 431.26, 347.07, 238.91, and 230.91 nm, respec4on pairs.

tively. All these transitions are located at significantly longer  4.6.1. Application of the BIMSA to lonic Association of HO
wavelengths than the 2a— 94 transition in hydrated H&F To facilitate the BIMSA simulations, a few assumptions and
(217.17 nm, Table 1) and the 1ta 124 transition in NaGH approximations were implemented. First of all, it was assumed
under vacuum (217.67 nm, Table 2). The analysis of orbital that the low concentration of peroxide in the studied solutions
shapes revealed that the strong electronic transitions inNaO did not affect the association of NaOH. Consequently, the
in vacuo and in solution correspond to the transfer of electrons concentrations of N OH~, and (NaOH") in the studied
from an antibondingr molecular orbital predominantly localized  solutions were obtained using the same approach and input
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parameters as in the previous std@ijNamely, the diameter of
the hydrated OH (02(0n)) was 3.55 A and that of the hydrated
Na (o1nar)) Was given by the formutd®3

01y (B) = 3.87— 0.0503F,,0,{mol dm °)

e
HO NUIOZHLl

The parameter values for the ions in the {i0a1~) pair were
as follows. The diameters were 3.797 A for N&((anaoH- ))
and 3.40 A for OH Gaonnarory), respectively; the charge
of Na, zynanaor)), Was 0.7583 The association constant for
NaOH, K’ Was 0.2805 molt dm?® (see ref 13) and the
extinction coefficients for “free” hydroperoxide ion were those
measured for 2.00 mmol drd peroxide in 0.338 mol dm?
NaOH. Figure 8. Speciation diagram for 2.00 mmol dfhhydrogen peroxide

To reduce the number of adjustable parameters, the chargén conce_ntyated NaOH solutions, showing the mole fractions from the
of Nain e (NGHOS ) o palr s, and e diameter  SNSATIg o 28 274 1 (8 0. ans ) (e 0 ) o
of “free” HO,™, O2(HO, ), Were assigned constant numeric values. ((Na+Hng‘)),gnd o) X + Y).(%he molar ratio of watertozNéorm.qzo/
The charge of Na in the pairgnana+o, ), was determined to

. ; NnaoH) IS represented by closed triangless)
be 0.746 (see Section 4.5.2). It must be mentioned that the results

are slightly sensitive to the value of this parameter. Therefore, associated hydroperoxide anions (see section 4.6.2). Although
a 10% change in its value produced, on average, a change othe BIMSA modeling was limited to the narrow range of
~0.5% in the calculated extinction coefficient of the ion pair. wavelengths (236274 nm), where the accurate absorbance
Similarly, the fit results were marginally sensitive to the choice measurement was possible for all the NaOH concentrations, a
of diameter of “free” HQ™, oz0,). The fits performed for  wider wavelength range (NaOH-concentration-dependent) could
the various wavelengths used experimentally (2304 nm) be used in the latter procedure (see sections 4.2 and 4.3). The

gave a mean value far o, of 5.3 A. This value resulted in  measured spectrum was expressed by the following equation:
a good agreement between the concentrations of Kia ™)

obtained directly from the modeling and from the subsequent €)= XE(NaFHOZ*)(/l) + YEHo[(/l) (12)
numerical deconvolution of the spectra, using the extinction

coefficients from the modeling. Moreover, it was assumed that The individual bands in eq 11 were expressed by the semiloga-

0.2 L1 1%l

0 2 4 6 8 10 12 14

NaOH Concentration (mol dm®)

Mole Fraction or Weighting Factor in eq. 11

the diameters of Naogaa+o,)) and HQ (gaoHNaHo, ) rithmic Gaussian functions that best-approximated the spectra
in the pair were equal. . . ~ of individual components (see section 4.3). To verify the
Consequently, the adjustable parameters in the simulationsyiapility of the assumption that only two species contributed to
were as follows: the association constant of {N&;"), the measured peroxide spectra, the weighting factoasd Y
KRaro,; the extinction coefficients of the paignarto,)(4); in eq 11 were allowed to vary independently, so that their sum
and the equal diameters of Na and H@h the pair, was not constrained to unity. As shown in Figure 8, the
O3(Na(Na'HO, ) = O4(HO(NatHO, ))- weighting factorsX andY are very close to the mole fractions

When no other constraints were applied, the association obtained from the BIMSA modeling (4 x, andx, respectively,
constant was determined to decrease slightly as the wavelengthwith x, being given by eq 5) and their unrestricted sum is close
increased. To remove this inconsistency, the fitting procedure to unity for NaOH concentrations up to 9.7 mol dindespite
was conducted as follows. First, a single valuek@f;,, was the significantly wider wavelength range used in the numerical
determined that produced low and comparable deviations of thespectra deconvolution. This observation indicates that the
fit at all wavelengths. From the fits at different wavelengths, assumption of only two species contributing to the measured
the average value of the radius of the Na atom in the pair, absorbance in this concentration range was justified.
O3(Na(NaHO, ) (O3(Na(NarHO,™)) = Oa(HoNa™HO, ), then was A variety of factors may be responsible for the significant
obtained and subsequently used to determine the extinctiondeparture of the sum of weighting factors from unity at NaOH
coefficients of the ion pair. concentrations of 9.7 mol dnt3 and the negative contributions

The aforementioned fitting procedure was applied in the entire from HO,~ (a negativeY weighting factor) to the measured
range of NaOH concentrations, i.e., up to 13.1 moléif~15 absorbance at the highest NaOH concentrations (see Figure 8).
mol/kg); however, the quality of fit substantially deteriorated For instance, the formation of another peroxide species such as
when concentrations of9.7 mol dnt3 (~10.5 mol/kg) were a higher ionic associate or peroxide anion?Omay be
included in the simulations. The decrease in fit quality was responsible. Moreover, significant dehydration effects do occur
attributed to a systematic error, because it was accompaniedat such high NaOH concentrations. As shown in Figure 8, the
by a significant increase in the association constant. The molar ratio of water to NaOH in these solutions becomés
calculations performed for the NaOH concentrations that did (see Figure 8), which indicates that there is not enough water
not exceed 9.7 mol dnf resulted in the following values:  to fully populate the first coordination spheres of all the ions.
Kﬁ,fHof 0.048 mot? dm® for the association constant and Finally, the accuracy of the absorbance measurement at the
O3(Na(NaHO, ) = O4HoNa*HO, ) = 4.15 A for the diameters of  highest NaOH concentrations was most likely reduced, because
species in the pair. of the difficulty of mixing a small quantity of the low-viscosity

In Figure 8, the mole fractions of hydroperoxide in its “free” H,0, solution with a huge excess of the highly viscous NaOH
and associated forms obtained from the BIMSA modeling (230 and the resulting accelerated peroxide decomposition under such
— 274 nm) are shown. Also plotted in Figure 8 are the weighting conditions.
factorsX andY obtained from the fitting of the measured spectra  4.6.2. Indvidual Spectra of H@~ and (Na'HO; ™). To obtain
using two Gaussian bands, corresponding to the “free” and the band parameters for (NllO, ™), the extinction coefficients
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1000 T of OH~ (3.55 A). The same conclusion holds for the average
r diameter of Na and H@in the pair (4.15 A) as compared to
~ 800 ca. 3.6 A for the (N&OH").
£ 600 B As mentioned in section 4.6.2, the changes in the peroxide
E - spectrum at NaOH concentrations 8.7 mol dnt3 may result
o F . . . . . . .
T 400l from a variety of factors, including the formation of higher ionic
(=) » . . . .
£ associates, dehydration, and, less likely, the formation of doubly
“ 500 ionized peroxide. Although the formation of higher ionic
associates and the dehydration of all solutes present in concen-
0 trated NaOH are expected to occur simultaneously, one must
200 220 240 260 280 300 note that the dehydration alone can produce changes in the
Wavelength (nm) peroxide spectrum. The dehydration can modify the peroxide

Figure 9. Molar absorptivities of H@- and (N&HO,") from the spectrum by directly changing the distances and the st.rength. of
BIMSA fitting of the apparent molar absorptivity of hydrogen peroxide. interactions between water molecules and hydroperoxide anion
Solid lines represent the best semilogarithmic Gaussian fits of the and between water and the ion pair, as well as between the ions
individual bands (see text). in the pair. Such phenomena are highly likely to result in NaOH-

) . . . B concentration-driven changes in the quantum energy levels of
;ﬁ‘g I,;irﬁ‘xigéeggp)ﬁlirgggl?r%ﬁ tﬂﬁéﬂ;%%gﬁ'ﬂg (HO2") both “free” and associated hydroperoxide anion and, thus, result
in such changes in the peroxide spectrum that cannot be taken
into account by a simple equilibrium model of two species with

€(Amay (Mol1

Amax(nm)  dmdcm ) Agp(nm) y fa  remark MY i
Hor concentration-independent spectra. The difficulties that we
: : .
2144402 48742 694 26.741 0.2 0.0149 €q9 _encqun_te_red when trying to deconvolute the peroxide spectra
- into individual components may have been caused by phenom-
Na"HO; ena of this type
237.0£03 761+2 60.7 42510 0.0223 eq9 ype.
236.7+0.2 759+ 1 64.8 (6.6+0.1)x 104 eq8

aOscillator strength. Conclusion

) In summary, it has been demonstrated that the binding mean
between 230 nm and 274 nm obtained from the BIMSA gpherical approximation (BIMSA) is an effective tool, not only
modeling were fitted with the Gaussian functions previously fq the determination of ionic association constants in mixtures
used (eqs 79). The fit quality was worst when the inverse o gjactrolytes but it is also helpful in the analysis of electronic
I|near Gauss'ar.‘ function (eq 7) was gsed. Of the two remaining spectra of ionic species at high ionic strengths. Specifically,
functions, the linear Gaussian function (eq 8) produced some-ihe application of BIMSA in this work made it possible to detect
what better fits; however, the differences in actual band gitferent phenomena that contribute to the bathochromic shift
parameters obtained from the linear Gaussian and the semi- e hydrogen peroxide band in NaOH solutions. Changes in
logarithmic Gaussian fitting (eq 9) were rather smal!. On the e peroxide spectrum, up to 9.7 mol dhiNaOH, can be fully
other hand, a better agreement between the weighting factorsgypjained by the changes in the relative amounts of the “free”
in eq 11 and the mole fractions of peroxide species from the 5,4 associated hydroperoxide anions, whereas the changes at
BIMSA was observed, when the semilogarithmic Gaussian pigher NaOH concentrations are likely to also involve the effects
function was used to describe the spectrum of the pair (Seeqf sirong dehydration on the energies of ground and excited
section 4.6.1, Figure 8). Consequently, we cannot recommendgiates of one or both absorbing species. For the lower range of
a particular choice of one of these functions. The;H@nd  NaOH concentration, the association constant of the hydroper-
(Na"HO,") bands are shown in Figure 9, and their respective xjge anion with the Nacation and the electronic spectrum of

parameters obtained from the fitting are listed in Table 3. For o (Na'HO,") ion pair could be directly determined from the
the ion pair, two sets of parameters are given, corresponding tog\sa fitting.

the two functions that produced the fits of comparable quality.
In accordance with the observed changes in peroxide spec-
trum, the (N&HO,™) band is narrower and located at longer
wavelengths than the HO band. The molar extinction coef-
ficient €(Amay Of the (NaHO;") band and the estimated
oscillator strength of the respective transition are also higher
than the corresponding numbers obtained for the hydroperoxide
anion. The wavelength and the oscillator strength of the
(NatHO,™) band are comparable to the respective numbers
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