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Abstract 5,8-Dihydroxy-[1,4]-naphthoquinone

(DHNQ) is one of the key chromophores occurring in

all types of aged cellulosics. This study investigates

the degradation of DHNQ by chlorine dioxide at

moderately acidic (pH 3) conditions, corresponding to

the conditions of industrial bleaching (‘‘D stage’’). The

degradation involves three major pathways. As initial

reaction, a hydrogen transfer from DHNQ to chlorine

dioxide via a PCET mechanism occurs to form a

radical DHNQ� and chlorous acid. DHNQ� is then

attacked by water to give a pentahydroxynaphthalene

radical PHN� that is stabilized by strong delocalization

of the non-paired electron into its aromatic ring. PHN�

immediately disproportionates to give the observable

intermediate 1,2,4,5,8-pentahydroxynapththalene (I),

which was comprehensively confirmed by NMR and

MS (path A). In the presence of excess ClO2, I is

immediately further oxidized into acetic acid, glycolic

acid, oxalic acid and CO2 as the final, stable, and non-

colored products (path C). In the absence of excess

ClO2, elimination of water from I regenerates DHNQ

(path B), so that at roughly equimolar DHNQ/ClO2

ratios ClO2 is fully consumed while a major part of

DHNQ is recovered. To avoid such DHNQ ‘‘recy-

cling’’ under ClO2 consumption—and to completely

degrade DHNQ to colorless degradation products

instead—ClO2 must be applied in at least fivefold

molar excess relative to DHNQ.
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Introduction

5,8-Dihydroxy-1,4-naphthoquinone (DHNQ) was

reported to be one of the three key chromophores that

chiefly contribute to discoloration, often called ‘‘yel-

lowing’’ or ‘‘brightness reversion’’, of cellulosic

materials, such as pulp, paper, and fibers (Korntner

et al. 2015). The compound is a nearly ubiquitous

cellulosic chromophore as it is both a prime survivor

of bleaching treatments and a regeneration product

from condensation of low-molecular weight fragments

upon cellulose aging (Rosenau et al.

2004, 2007, 2008). The high stability of DHNQ

toward bleaching treatments is attributed to the

exceptional resonance stabilization of DHNQ (Kornt-

ner et al. 2015). The double bonds in the peculiar

aromatic-quinoid system of DHNQ are much more

stable (under both acidic and alkaline conditions) than

usual double bonds conjugated with carbonyls: in

acidic media, protonated DHNQ, DHNQ-H? in

Scheme 1, is stabilized because of the conjugation of

the positive charge into the aromatic ring, by which the

cation becomes less prone toward nucleophilic

attacks. In alkaline media, DHNQ is deprotonated to

form an exceptionally stable, aromatic dianion

(Scheme 1). Considering that most bleaching agents

act on localized double bonds, the special stable nature

of DHNQ—which lacks such ‘‘proper’’ double bonds

due to its canonic forms—and its ‘‘survivor qualities’’

in pulp bleaching become understandable.

The pulp and paper industries are interested in

faster and cheaper removal of the compound from

cellulosic pulps, and in minimizing its re-formation.

Fast and reliable methods to detect and quantify

DHNQ at very low concentrations—normally in the

low ppm to ppb range in cellulosic pulps—have

become available (Potthast et al. 2018), which is a

prerequisite to monitoring bleaching attempts. Several

previous accounts have addressed the chemistry of

DHNQ which has recently been reviewed (Hosoya

et al. 2013). Its main reaction paths are cycloaddition

to the 2,3-double bond with various dienes (Lanari

et al. 2002; Cuellar et al. 2003; Tandon et al. 2005),

nucleophilic addition mainly at the 2-position (Arnone

et al. 2007; Zhou et al. 2009; Tandon et al.

2004, 2005, 2009, 2010; Valderrama et al. 2003;

Greco et al. 2010), and derivatization of the hydroxyl

groups (Betts et al. 2004; Mital et al. 2008; Kelly et al.

2000). While these works focused on DHNQ as a

synthon or as an analytical target molecule, its revival,

which is linked to its recently recognized central role

in cellulose yellowing, put especially its degradation

chemistry and ‘‘discoloration’’ in the focus of studies

(Zwirchmayr et al. 2017).

T. Elder

USDA Forest Service, Southern Research Station, 521

Devall Dr, Auburn, AL 36849, USA

T. Rosenau

Johan Gadolin Process Chemistry Centre, Åbo Akademi
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Environmental implications and concerns notwith-

standing, chlorine dioxide-based pulp bleaching,

called D-stage bleaching, is still one of the most

frequently utilized bleaching approaches for cellulosic

pulps on industrial scale. Chlorine dioxide is a strong

oxidant for variety of organic compounds, such as

phenols, aldehydes, unsaturated structures, or amines.

It undergoes hydrogen atom abstraction, one-electron

transfer, and radical addition reactions to double bonds

(Leigh et al. 2014; Aguilar et al. 2014; Lehtimaa et al.

2010; Napolitano et al. 2005; Hull et al. 1967). It is a

favored oxidant in pulp bleaching because of its high

selectivity, meaning that residual lignin, with its

aromatic and quinoid structures, is attacked while

the carbohydrate structures of cellulose and hemicel-

luloses remain largely unharmed. This is one advan-

tage over oxygen-based bleaching chemicals, such as

molecular oxygen (O-stage bleaching), hydrogen

peroxide (P-stage) or ozone (Z-stage), which are less

selective, but trump with regard to environmental

benignity. Giving the profound role of DHNQ in

discoloration of cellulosics, the mechanisms in degra-

dation of DHNQ by chlorine dioxide is one of the

central reactions in production of highly bleached

pulps. This study addresses the molecular mechanisms

of the degradation of DHNQ by chlorine dioxide,

based on experimental results which are then corre-

lated with computational insights.

Results and discussion

Experimental studies

Chlorine dioxide has a doublet ground state. It is a thus

radical with its spin being delocalized mainly between

the two oxygen atoms, with only minor contributions

of spin density at the central chlorine atom. The Cl has

the formal oxidation state of IV, which is rather

unstable and accounts for the compound�s high

reactivity (Scheme 1). Due to its complex redox

chemistry and the superposition of disproportionations

and symproportionations between derived chlorine-

oxygen species [chloric acid (V), chlorous acid (III),

chlorine (0), hypochlorous acid (1), chloride (- 1)] in

aqueous solution, it is impossible to record reaction

kinetics following ClO2 itself, so kinetic monitoring

must rely on following the (organic) coreactant.

Similarly, because of the very presence of reactive

chlorine-oxygen species, it is hard to decide whether

oxidation of a compound was effected by ClO2 itself,

by one of its derived secondary oxidants, or by a

mixture of those.

We first attempted to evaluate the rate of DHNQ

degradation by chlorine dioxide through the time

dependency of the visible spectrum of the reaction

solution, see Fig. 1 for a solution of DHNQ

(21.9 lmol/L) at pH 3. The spectrum showed two

peaks at 515 and 489 nm along with a shoulder at

550 nm. When chlorine dioxide was added to the

solution, its prominent peak around 355 appeared. To

avoid any interference and overlapping with the

DHNQ peaks at 515 and 489 nm, we followed the

DHNQ degradation on the basis of the shoulder peak

at 550 nm, which is far enough separated from that of

ClO2.

A degradation experiment at pH 3 with an 1:1 molar

ratio between DHNQ and chlorine dioxide showed the

absorbance at 550 nm to decrease in the initial 420 s

and then to start rising again at a slow rate. To get

further information, we performed a larger-scale

experiment (see experimental section for the detailed

procedures) with DHNQ/ClO2 starting ratios of 1:1

and 1:2. Titration of the reaction solution (see

experimental section for details) confirmed that in

both cases no chlorine dioxide was left after 420 s (the

absence being reconfirmed after 30 min and 2 h). The

reaction was followed directly by 1H NMR (water

signal suppression), using an aliquot of the reaction

mixture. In addition, aliquots of the aqueous reaction

solution were taken at different time intervals,

extracted with chloroform and analyzed by NMR

and GC–MS. After a reaction time of 420 s, 74% of

the DHNQ had been consumed in the case of a 1:1

starting ratio (26% were left unchanged), but never-

theless 85.2% of the starting DHNQ was recovered

after a reaction time of 2 h (see Fig. 3). NMR

indicated the presence of an intermediate (see below),

which had its maximum concentration (22% of

starting DHNQ) after 7–10 min, and was constantly

decreasing until it became undetectable after about

70 min. This evidently pointed to a fast initial

consumption of DHNQ and conversion into an

intermediate, which was followed by a slow re-
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formation of DHNQ under consumption of this

intermediate.

The situation changed for a DHNQ/ClO2 starting

ratio of 1:2, i.e. the double molar amount of ClO2.

After 420 s, only 15% of starting DHNQ was left, after

about 15 min it was completely consumed, and only

8% was regenerated after 2 h, this value not further

increasing with extended reaction times (10 h). The

intermediate was detected only shortly, between 2 and

6 min reaction time, in rather low concentrations, with

a maximum of 6% rel. to starting DHNQ at 3–4 min.

The above results suggested a mechanism as shown

in Scheme 2. DHNQ reacts with chlorine dioxide to

form an intermediate I (path A), which must be

colorless or at least have much less intensive color

than DHNQ. In the absence of excess ClO2, the

intermediate slowly reacts back to DHNQ (path B).

This pathway B cannot be simply the reverse process

of path A, since no re-formation of chlorine dioxide

was observed after 420 s up to 2 h. As to the

stoichiometry of path A, it would be reasonable to

assume that chlorine dioxide converts one molar

equivalent of DHNQ to I, although only around three

quarters of the initial DHNQ had been consumed at

420 s. This incomplete conversion of DHNQ at 420 s

is explained by the (many) side reactions of ClO2, i.e.

by incomplete consumption, by path B setting in, i.e.

regeneration of DHNQ, and by consumption of

chlorine dioxide in the slower reaction with interme-

diate I (path C), i.e. consumption of the coreactant by

parallel processes. The latter process is irreversible

and eventually converts DHNQ—via I—into the final

degradation products, namely carboxylic acids and

CO2 (Scheme 2).

At low ClO2 concentrations, for instance at the

initially used molar ratio of 1:1 between DHNQ and

ClO2, the path B dominates, but with increasing

DHNQ/ClO2 ratios, path C becomes increasingly

dominant. This is supported by the fact that at a 1:1

DHNQ/ClO2 ratio there is an initial consumption of

74% DHNQ after 5 min, and a final regeneration of

67% DHNQ after 2 h. When ClO2 was used sub-

stoichiometrically (DHNQ/ClO2 2:1), nearly the the-

oretical amount of DHNQ was consumed initially

(44%), and 72% of DHNQ was recovered after 2 h. At

a 1:2 ratio, 98% of DHNQ was consumed after 5 min,

Scheme 1 Chemical structures of DHNQ (1) and its protonated and deprotonated forms, DHNQ-H? and [DHNQ-2H]2-, respectively,

along with the structure of chlorine dioxide
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and only 12% was finally re-formed after 2 h. At a 1:3

ratio, DHNQ was completely consumed after 5 min,

and only traces (\ 0.2%) of regenerated DHNQ was

detectable after 2 h. At larger ClO2 excess (ratio

DHNQ/ClO2 5 or above), no DHNQ was recovered at

all, nor was I or any other intermediate found in

detectable concentrations (VIS, NMR): the reaction

went ‘‘straight through’’ to the final reaction degrada-

tion products.

When the degradation reaction at a 1:1 ratio was

performed with addition of D2O, replacing 2/3 of the

initially used H2O, the rates of paths A and B were

significantly lowered (Fig. 2). Evidently, water is

directly involved as a reactant in the process and not

just as a solvent and reaction medium, so that kinetic

isotope effects (H–D) come into play. This can be the

case for keto-enol tautomerisms (H? shifts), additions

or eliminations (HO-/DO-), or hydrogen atom (H�)

abstraction reactions, which all would be influenced

by H/D differences. Especially the last alternative

seemed tempting, because in radical H abstraction

reactions, deuterium transfer is usually significantly

slower than hydrogen transfer (while the effect on

tautomerisms or simple H–D exchange in hydroxyl

groups is minor)—which in turn would agree with the

observed, relatively strong effect. This issue will be

discussed with the computational results in the next

section.

Figure 3a shows the TLC analysis of a chloroform

extract of the 1:1 (molar ratio DHNQ/ClO2) reaction

after 5 min, obtained by fast shaking of 1 ml of

aqueous reaction mixture with the same amount of

CDCl3 and immediate TLC analysis or immediate

transfer into the NMR spectrometer. The extract

contained two main components: the deeply colored

starting material DHNQ and intermediate 1 as a more

polar compound having no VIS absorption, but a

distinct absorption in the UV region at 254 nm.

Besides the dominant solvent and DHNQ signals, the
1H NMR spectrum exhibited two doublets and a

singlet in the aromatic region, evidently coming from

intermediate I (Fig. 3b): these resonances disappeared

within 3 min in the case of the crude extract, leaving

only the DHNQ signal behind. Since no other peaks

appeared instead, it was conclusive that this second,

transient compound degraded into DHNQ. When the

crude CDCl3 extract was filtered through a layer of

solid MgSO4 and K2CO3 before the NMR measure-

ment to remove traces of water and acids, the

resonances of the second component remained
Fig. 1 Visible spectra of an aqueous DHNQ solutions

(0.1 mM, pH = 3) with or without aqueous chlorine dioxide

added. Spectra were recorded within 10 s after ClO2 addition

Scheme 2 General mechanism of the DHNQ reaction with chlorine dioxide
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observable for about 2 h before they vanished, once

more leaving behind DHNQ as the only observable

component. Trimethylsilylation (TMS) in the NMR

tube by an excess of N,O-bis(trimethylsilyl)-trifluo-

roacetamide (BSTFA) had no significant effect on the
1H chemical shifts of I (Dm\ 0.04 ppm), but consid-

erably increased the stability of the compound, which

in the TMS-derivatized form seemed to be almost

indefinitely stable, with no apparent loss in signal

intensity even after 14 days. The presence of five

trimethylsilyloxy resonances indicated that interme-

diate I carried five OH groups which by reaction with

BSTFA had apparently been converted into their

TMS-derivatives.

Unambiguous proof of the nature of intermediate

I was provided by DESI-MS analysis (Schedl et al.

2016) from both the TLC plate and in the paperspray-

MS setup (Potthast et al. 2018; Wenger et al. 2015;

Schedl et al. 2017). The compound was identified as

1,2,4,5,8-pentahydroxynaththalene, the mass data of

the compound and its penta(trimethylsilyl) derivative

being presented in Table 1. The TMS-derivative I-

TMS contained the five TMS-protected OH groups

that were already assumed from 1H NMR. Compound

I can be conceived as a formal addition product of

water to DHNQ: water is added to the quinoid double

bond in DHNQ, followed by conversion of the two

keto groups into their enolic counterparts, which

means rearomatization to a naphthalene system.

However, it should be well noted that this is just a

mnemonic to visualize the interrelation between the

two compounds—the process of water addition to

DHNQ to form I does not proceed in reality, and

aqueous solutions of DHNQ are completely stable,

independent of the pH. The observed formation of

I from DHNQ in the reaction system thus must be due

to the presence and action of ClO2, and cannot be a

direct water addition process.

However, the reverse process, i.e. elimination of

water from I to give DHNQ, is obviously a sponta-

neous process. It was observed both in aqueous

medium upon the bleaching experiments (UV) and

also in the organic medium of the chloroform extracts

(NMR). The facile conversion from I back to DHNQ

can also nicely be visualized by TLC. The VIS-

innocent spot of I (see Fig. 3a) turned—with slowly

increasing intensity—into the bluish color of DHNQ

within 30 min under ambient conditions. The conver-

sion became immediate when the TLC plate was

exposed to vapor of hydrochloric acid or trifluo-

roacetic acid, or when sprayed with these acids.

Interestingly, exposition to ammonia vapor or spray-

ing with dilute NaOH had a similar accelerating effect,

also causing immediate appearance of a visible color,

the dark blue hue of the DHNQ dianion. While in

general acidic media facilitate elimination of water by

protonation of the reacting hydroxyl groups, in

alkaline media the formation of the highly stabilized

DHNQ-dianion must be assumed as the driving force.

As described above, at a DHNQ/ClO2 ratio of 1:5,

no intermediate I was detected and thus no DHNQ was

re-formed from it. The reaction mixture contained

small gas bubbles adhering to the walls of the reaction

vessel, which were identified as CO2 both directly by

purging the gas into an aqueous BaCl2 solution, which

formed a white precipitate. The precipitate was

soluble in dilute (2 N) HNO3 under evolution of a

gas. Also, the reaction mixture was brought to pH 10

by 2 N NaOH. 13C NMR showed a prominent

carbonate peak, and addition of aqueous Ba(OH)2

gave a HNO3-soluble precipitate. All these results

point to CO2 being one of the main final reaction

products. GCMS analysis of the reaction mixture after

extraction according to a protocol optimized for

mixtures of acids and hydroxyacids in complex

matrices (Liftinger et al. 2015) showed the three acids

acetic acid, glycolic acid and oxalic acid in an

approximate ratio of 1:1.2:6.2. The result of quanti-

tative 13C NMR was in very good agreement

(1:1.2:6.8). The degradation of DHNQ was complete

within less than 30 min: the NMR and GCMS results

Fig. 2 Time course of the degradation of DHNQ by ClO2 (pH

3, 0.03 mM), seen by VIS absorbance at 550 nm. In the H2O/

D2O experiment, 66% of H2O was replaced with D2O
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after 30 min, 2 h, and 5 h reaction time were identical.

The ratio between the three acids seemed to be very

well reproducible (three independent runs) and largely

constant at a fixed DHNQ/ClO2 ratio, with acetic acid

and glycolic acid being formed in roughly equimolar

ratio, and oxalic acid in about the fivefold molar

amount. The sum of these three organic acids

accounted for 42% of the carbon atoms in the starting

DHNQ, the rest being converted into CO2.

Computational studies

The initial steps in the reaction between DHNQ and

ClO2 were computationally evaluated on the

CCSD(T)/BS-II and DFT(M06-2X)/BS-II levels of

theory, suggesting the detailed mechanism shown in

Scheme 3. The first step of path A is a hydrogen atom

transfer from protonated DHNQ starting material

(DHNQ-H?) to chlorine dioxide, which results in

formation of a radical cation DHNQ�? and chlorous

acid, HClO2. This reaction proceeds according to a

proton-coupled electron transfer (PCET) mechanism

(Schedl et al. 2017), as shown in the potential energy

curve in Fig. 4. The proton from the quinone oxygen

of DHNQ-H? is transferred to the ClO2 coreactant

which is in the doublet (radical) state, followed by a

state jump (i.e. electron transfer), by which the DHNQ

part becomes the radical while non-radical HClO2 is

formed. This PCET reaction is also supported by the

experimental result that the degradation was retarded

in the presence of D2O (Fig. 2).

The geometry of the state jump (SJ) was determined

from the potential energy curve in Fig. 4. Evaluation

at the DFT(M06-2X) level (with the larger basis set

BS-II, see computational section) afforded a potential

energy of 24.6 kcal/mol relative to the starting

DHNQ. This energy can be only used as a rough

estimate of the activation energy (Ea) of the PCET

reaction; it is overestimated (too positive, usually by

10–15%), since effects of resonance interaction

between the states 1 and 2 and tunneling of the

hydrogen are not taken into account (Tishchenko et al.

2008). As an in-depth evaluation of these effects

would not add anything substantial to the understand-

ing of the mechanism, we did not make further efforts

to optimize the energy computations of the SJ state.

More importantly, the activation energy became

significantly higher (30.1 kcal/mol) when the PCET

reaction started from non-protonated DHNQ. This

strongly suggested that the formation of DHNQ-H? is

a prerequisite to the PCET reaction. In fact, it was

experimentally observed that the degradation became

much slower when the pH of the reaction solution was

increased from 3 to 6, which confirms this computa-

tional prediction.

After the PCET reaction, two molecules of chlorous

acid disproportionate into the more stable hypochlor-

ous acid HClO and chloric acid HClO3 (Hull et al.

1967). The Gibbs energy of the radical cation
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Fig. 3 Reaction of DHNQ and chlorine dioxide (molar ratio

1:1), reaction mixture after a reaction time of 5 min. a TLC

analysis of the crude chloroform (CDCl3) extract, eluant: ethyl

acetate/n-heptane (v/v = 1:1). b 1H NMR spectrum of the

chloroform extract (CDCl3) after filtration through a layer of

solid MgSO4 and K2CO3. Note that the four C–H protons of

DHNQ appear as singlet due to quick intramolecular proton

transfers, solvent peak (trace CHCl3) at 7.26 ppm
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DHNQ�? after this disproportionation eventually

becomes - 3.5 kcal/mol (Fig. 4), indicating that

DHNQ�? is stable enough to render the reverse

process of the PCET reaction negligible. DHNQ�? is

in equilibrium with its deprotonated form, the neutral

DHNQ radical. The above result on the structure of

intermediate I led us to investigate the process of water

addition to DHNQ�?, forming a pentahydroxynaph-

thalene radical cation PHN�? (Scheme 3). The acti-

vation barrier in the formation of PHN�? from

DHNQ�? was calculated to be quite small, DG0�-

= 16.3 kcal/mol relative to DHNQ�?, with the result-

ing PHN�? being much more stable than DHNQ�?: the

Gibbs energy of HHN�? is - 24.0 kcal/mol relative to

DHNQ�?. These results indicate that DHNQ�?, as soon

as formed by reaction between DHNQ and ClO2,

immediately adds water being converted to more

stable PHN�?. The water addition is only favored in

the case of the radical cations, i.e. the protonated

species. For the neutral radicals, i.e. the addition of

water to DHNQ� giving PHN�, the higher activation

energy excludes the direct water addition process,

which takes the ‘‘detour’’ via the protonated species

instead (Scheme 3). The large difference in the

stability between DHNQ�? and the more stable PHN�?

deserves some consideration, because often symmet-

ric radical species (such as DHNQ�?) are more

stable than non-symmetric ones (such as PHN�?) so

that the opposite behavior should be assumed at a first

glance. The decisive stability factor is that the radical

cation can be easily accommodated, i.e. delocalized

and stabilized, in the relatively large, aromatic naph-

thalene system whereas stabilization is much harder in

the half-quinoid DHNQ.

Computation at the CCSD(T)/BS-II level indicated

that the PHN�? radicals very easily undergo dispro-

portionation leading to one molecule of PHN (inter-

mediate I), its corresponding quinone THNQ and two

protons (Scheme 3). Intermediate I is then readily re-

converted into DHNQ by release of water (Scheme 4).

The MP4(SDQ)/BS-III method was employed instead

of the CCSD(T)/BS-II method, as the MP4(SDQ)

calculations with a bigger basis sets (BS-III) are more

reliable than the CCSD(T) ones with relatively smaller

basis sets (BS-II) in these ionic reactions. This entire

process corresponds to path B in Scheme 2, the

regeneration step of DHNQ. This reaction proceeds

only if no excess ClO2 is present to convert I into the

final, stable carboxylic acid products. DHNQ is about

2 kcal/mol more stable than I on the basis of

calculated Gibbs energy. The activation barrier of

these conversions is expected to be small, as the

processes are essentially a combination of keto-enol

interconversions which, in general, occur readily at

room temperature.

Two PHN�? radicals form one molecule of I by

disproportionation which in turn gives back one

molecule of DHNQ by water elimination (Schemes 3

and 4). Thus, half the originally consumed stoichio-

metric amount of DHNQ would be regenerated—once

again, this applies only if no excess ClO2 is present.

There was a quite satisfying agreement with the

experimentally observed kinetics: At 74% initial

consumption, 71% of DHNQ should be regenerated

theoretically (26% not consumed initially plus

74/2 = 37% of regenerated DHNQ), while 67% were

found experimentally. When 44% DHNQ were con-

sumed initially, 78% of DHNQ (56 ? 44/2) should be

found after the reaction according to theory, and 72%

were indeed detected. The quinoid product of the

disproportionation, 2,5,8-trihydroxy-1,4-naphtho-

quinone (cf. Scheme 3), is not stable in aqueous

medium as known from previous studies (Zwirchmayr

et al. 2017). It undergoes ring contraction of the

quinoid part, which removes the special stabilization

of the DHNQ system (see Scheme 1) so that the

Table 1 MS data of

1,2,4,5,8-

pentahydroxynaththalene

(PHN, I) and its

penta(trimethylsilyl)

derivative (I-TMS)

PHN (intermediate I) Derivative I-TMS

chemical formula C10H8O5 C25H48O5Si5

molecular weight 208.17 569.07

exact mass, cald. 208.3717 568.2348

exact mass [M ? H]?, calcd. 209.0444 569.2421

exact mass [M ? H]?, calcd. 209.0438 569.2430

exact mass [M - H]-, calcd. 207.0299 –

exact mass [M - H]-, calcd. 209.0305 –
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aromatic part, now a rather oxidation-labile hydro-

quinone structure is fast further converted and

degraded to low-molecular weight carboxylic acid

products (Zwirchmayr et al. 2017).

It is interesting to compare the relative stabilities

between the cation radicals PHN�? and DHNQ�? and

the non-radical parent molecules PHN and DHNQ.

PHN� is 19.3 kcal/mol more stable than DHNQ� based

on Gibbs energy (Scheme 3), while the situation is

opposite for the neutral PHN (I)/DHNQ pair: DHNQ

becomes 1.9 kcal/mol more stable than the corre-

sponding water adduct PHN (Scheme 4). This

explains why DHNQ does not add water, while

DHNQ? does, and why I tends to eliminates water

to re-form DHNQ. As mentioned above, the non-

paired electron in PHN�? is more delocalized and

hence more stabilized than that in DHNQ�?. In the

non-radical molecules PHN and DHNQ such

additional stabilization does not exist. This stability

inversion occurring upon going from the radical to the

non-radical species is one of the essential driving

forces to implement the reaction cycle consisting of

the paths A and B (Scheme 2).

Conclusions

Our experimental and theoretical investigations

addressed the molecular mechanisms of ClO2 degra-

dation of DHNQ under conditions of an industrial D

bleaching stage. The individual steps in the reaction

system can be grouped into three pathways. Pathways

A describes the formation of a stable intermediate by

reaction of DHNQ and ClO2, path B the reformation of

DHNQ from this intermediate, and path C the

formation of stable, low-molecular weight

Scheme 3 Mechanism of path A (cf. Scheme 2) from compu-

tations at the CCSD(T)/BS-II level of theory. Energies are

shown in kcal/mol. a)The energy of the state jump in the PCET

reaction was calculated at the DFT(M06-2X)/BS-II level

because the CCSD(T) calculation was not possible, see Fig. 4

for the geometry of the state jump. b)The activation barriers for

the water addition were evaluated separately at the DFT(M06-

2X) level with six explicit solvent (water) molecules taken into

consideration
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degradation products from the intermediate. Path B

comes into play if no excess ClO2 is present, so that

pathways A and B together effect a 50% ‘‘recycling of

DHNQ’’. Otherwise, with excess ClO2 oxidant being

present, path C is operative.

The hydrogen transfer from protonated DHNQ to

ClO2 according to a PCET mechanism is the initial

reaction step. The resulting radical cation DHNQ?

easily adds water to give a pentahydroxy naphthalene

radicals PHN�?, which readily disproportionate into

intermediate 1,2,4,5,8-pentahydroxynaphthalene

(PHN, I) and trihydroxynaphthoquinone (THNQ).

These reactions are contained in path A in Scheme 2.

In the absence of chlorine dioxide, I eliminates water

to regenerate DHNQ (path B). Under usual bleaching

conditions, i.e. with excess ClO2 being available,

intermediate I and trihydroxynaphthoquinone are

degraded according to complex parallel mechanisms

into carbon dioxide, acetic acid, glycolic acid and

oxalic acid (path C), which all were identified in the

reaction mixture. The final products are colorless

compounds which (with the exception of gaseous

CO2) are completely soluble under the reaction

conditions and readily washed out.

To avoid the ‘‘recycling’’ of DHNQ under con-

sumption of ClO2, it is imperative that ClO2 is used in

at least fivefold molar excess. While under industrial

conditions the net amount of ClO2 is usually large

enough, local concentrations can be insufficient due to

limited mixing. Therefore, lower ClO2 charges bear

the danger of inefficient DHNQ removal due to the

recycling reaction (paths A and B in combination)

setting in at the expense of path C. Another precaution

is the use of sufficiently acidic conditions. As the

initial step of the reaction requires protonation of

DHNQ, pH values above 4.5 should be avoided.

Fig. 4 Potential energy curve of the DHNQ-H?–ClO2 com-

plex, calculated at the DFT(M06-2X)/BS-I level of theory, the

intersection of the two curves indicating the state jump (SJ). The

potential energies are given relative to that of the starting

complex, bond lengths are given in Å
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Otherwise, the consumption of DHNQ becomes too

slow, and disproportionation reactions of ClO2

become dominant.

Experimental

General

Commercial chemicals from Sigma-Aldrich (Schnell-

dorf, Austria) were of the highest grade available and

were used without further purification. Distilled water

was used for all aqueous solutions.

For NMR analysis, a Bruker Avance II 400

instrument (1H resonance at 400.13 MHz, 13C reso-

nance at 100.61 MHz) with a 5 mm broadband probe

head (BBFO) equipped with z-gradient with standard

Bruker pulse programs and temperature unit were

used. Data were collected with 32 k data points and

apodized with a Gaussian window function (GB =

0.3) prior to Fourier transformation. 1H NMR data

were collected with 32 k complex data points and

apodized with a Gaussian window function (lb =

- 0.3 Hz,gb = 0.3 Hz) prior to Fourier transforma-

tion. 13C-jmod spectra with WALTZ16 1H decoupling

were acquired using 64 k data points. Signal-to-noise

enhancement was achieved by multiplication of the

FID with an exponential window function (lb = 1

Hz). Bruker TopSpin 3.5 (3.0) was used for the

acquisition and processing of the NMR data. Chemical

shifts are given in ppm, referenced to residual solvent

signals (7.26 ppm for 1H, 77.0 ppm for 13C).

An Agilent 6560 QTOF mass spectrometer

equipped with an Agilent G1607A dual Jetstream

coaxial ESI interface was used, injection volume:

5 lL, sheath gas temperature: 150 �C, sheath gas flow

rate: 12 L/min, nebulizer gas pressure: 20 psi, MS

capillary voltage: 4 kV, nozzle voltage: 2 kV, frag-

mentor: 275 V, scanning mass range 50–1700 m/z

with a TOF acquisition rate of 2.8 spectra/s.

For paperspray MS, the paper tips (isosceles

triangle, a = 10 mm) were cut and connected to

4 kV capillary voltage. Whatman filter paper No 1

(Wagner & Munz GmbH, Vienna, Austria) was used

as the model sample matrix. The aqueous sample

solution was used as a spray solvent. After applying 30

lL of the spray solvent onto the paper surface, mass

spectra were recorded in positive or negative ion mode

with a Thermo LTQ-MS (LTQ XLTM Linear Ion Trap

Mass Spectrometer, Thermo Fisher Scientific, Wal-

tham, Massachusetts, USA) equipped with an ESI ion

source. Injection volume: 5 lL. Where applicable, a

splitter with the ratio of 1:2 was used to divert the flow

for better ESI spray quality. MS settings: Spray

voltage: 6 kV, sheath gas pressure: 5 psi, auxiliary

gas: 2 a.u., transfer capillary temperature: 275 �C,

scan range: m/z 300–1000. In case of tandem-MS

investigations, an isolation width of ± 0.5 m/z was

selected. Thermo Fisher Scientific Xcalibur software

(Thermo Xcalibur 2.2 SP1 build 48) was used for

operating the MS instrument.

Preparation of chlorine dioxide solutions

A 30 wt% aqueous sulfuric acid solution (7.5 mL)

was added dropwise to 17.5 mL of an aqueous sodium

chlorite solution (300 g/L) in a 100 mL multi-necked

flask at an addition rate of 0.5 mL/min at room

temperature under a nitrogen flow through the reaction

solution. The gaseous chlorine dioxide produced was

Scheme 4 Mechanism of path B, elimination of water from I to

regenerate DHNQ (cf. Scheme 2) from computations at the at

the CCSD(T)/BS-II level. DHNQ is regenerated in half the

stoichiometric amount of initially available PHN�? in good

agreement with experimental data. Energies are shown in

kcal/mol
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introduced with the nitrogen flow into 100 mL of

deionized water in another flask pre-cooled at 0 �C
along. After sulfuric acid addition was complete, the

reaction solution was allowed to remain under nitro-

gen flushing for another 30 min at room temperature,

to give 100 mL of a yellow-colored aqueous solution

of chlorine dioxide in the second flask.

The current concentration of chlorine dioxide in the

solution was determined by titration. To 1.0 mL of the

chlorine dioxide solution, 2.0 mL of a 30 wt% aque-

ous sulfuric acid solution and 2.0 mL of a 10 wt%

aqueous potassium iodide solution were added. The

color of the resulting solution turned to dark brown

(oxidation of iodide to elemental iodine). The iodine

produced was titrated with a 0.1 M sodium thiosulfate

solution against starch as the indicator. The concen-

tration according to the above procedure ranged

between 50 and 60 mmol/L. The chlorine dioxide

solution was diluted with deionized water when

necessary (UV measurements).

UV/VIS measurements

A 1 lM solution of DHNQ (2 mL) in water at pH3 (set

by sulfuric acid or 0.1 M phosphate buffer) was added

into a stirred UV cuvette at 22 �C. Freshly prepared

aqueous chlorine dioxide solution (concentration

newly determined) was added in amounts correspond-

ing to target DHNQ/ClO2 molar ratios, the volumes

being usually between 0.2 and 2 mL. The visible light

absorption of the reaction solution at 550 nm was

recorded in 2 s steps.

Degradation of DHNQ by chlorine dioxide

In a 500 mL round-bottom flask, freshly prepared

chlorine dioxide solution (concentration newly deter-

mined) was added at once to 100 mL of an aqueous

DHBQ solution (pH 3, set by sulfuric acid or 0.1 M

phosphate buffer), and the mixture was stirred at r.t. in

the dark. The amount of chlorine dioxide solution was

set in a way that a target DHNQ/ClO2 molar ratio was

reached. At certain time intervals, 5 mL aliquots were

taken and extracted twice with 1 mL of CDCl3. The

two extracts were combined and analyzed by NMR

either directly or after filtration through a pipette

(5 cm path) filled with solid MgSO4 or solid MgSO4/

K2CO3 (w/w = 1:1). Care was taken that the time

between taking the aliquot and NMR analysis was less

than 30 s (45 s when filtered). The filtered extract was

also used for GCMS analysis. In some cases, a drop of

N,O-bis(trimethylsilyl)-trifluoroacetamide (BSTFA)

was added prior to NMR and GCMS runs.

After a reaction time of 2 h, a 50 mL aliquot was

analyzed for CO2 according to standard procedures

(precipitation as BaCO3). The remaining solution was

extracted and analyzed (GC/MS, NMR) for remaining

organic compounds according to a procedure previ-

ously optimized for carboxylic acid and hydroxyacids

in complex matrices (Liftinger et al. 2015).

1,2,4,5,8-Pentahydroxynaphthalene (intermediate

I)

1H NMR (CDCl3): d 6.68 (s, 1H), 6.83 (d, 1H,
3J = 6.2 Hz), 7.59 (d, 1H, 3J = 3.1 Hz). 9.3 (s, br,

OH). 13C NMR (CDCl3): d 103.4 (HC-3), 109.6 (C-

4a), 116.0 (C-8a), 117.1 (HC-6), 117.9 (HC-7), 138.4

(C-1), 144.2 (C-2), 149.4 (C-8), 150.4 and 150.5 (C-4

and C-5). Analysis as per-trimethylsilylated deriva-

tive: 1H NMR (CDCl3): d 0.30 (s, 27 H, 3 9 SiMe3),

0.31 (s, 9 H, 1 9 SiMe3), 0.34 (s, 9 H, 1 9 SiMe3),

6.72 (s, 1H), 6.81 (d, 1H, 3J = 6.2 Hz), 7.55 (d, 1H,
3J = 3.1 Hz). 9.3 (s, br, OH). MS data in main text

(Table 1).

Final stable degradation products

Measurement in D2O/NaOD, pD = 10, assignment

confirmed by spiking with authentic samples. CO-2,
13C NMR: d 170.4. Acetic acid, 1H NMR: d 1.92; 13C

NMR: d 22.0, 177.9. Glycolic acid, 1H NMR: d 4.23;
13C NMR: d 60.6, 177.4. Oxalic acid, 13C NMR: d
160.4.

Computations

The GAUSSIAN 09 program package was used for all

calculations (Frisch et al. 2009). The geometry

optimization was carried out at the DFT(M06-2X)

level of theory (Zhao et al. 2008). The 6-31G(d) basis

sets were employed for H, C, O and Cl, where a diffuse

function was added to each of O and a p-polarization

function was added to H (these basis sets being named

BS-I). It was ascertained that each equilibrium

geometry exhibited no imaginary frequency and each

transition state exhibited one imaginary frequency.
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Enthalpy, entropy, and Gibbs energy changes were

evaluated at 298.15 K. Zero-point energy, thermal

energy, and entropy change were evaluated at the

DFT(M06-2X)/BS-I level. For the water molecule,

experimental entropy of water at 298.15 K and 1 atm

(16.7 cal/mol K) was employed for the estimation of

Gibbs energy.

For single point calculations, either CCSD(T),

MP4(SDQ), or DFT(M06-2X) method was employed.

The CCDS(T) and MP4(SDQ) methods were mainly

employed for the radical and ionic species, respec-

tively. In the CCSD(T) calculations for radicals,

restricted open-shell wave functions (ROHF func-

tions) were selected as the reference wave functions,

as the unrestricted wave functions (UHF functions)

were significantly spin-contaminated. For large spe-

cies, such as DHNQ-ClO2 complexes, we employed

the DFT(M06-2X) method. In the single point calcu-

lations at the CCSD(T) and the DFT(M06-2X) levels,

6-311G(d) basis sets (BS-II) were employed for H, C,

O and Cl, where a diffuse function was added to each

of O and Cl and a p-polarization function was added to

H. For the MP4(SDQ) calculations, we employed

other basis sets: the aug-cc-pVTZ basis sets were used

for O and Cl and the cc-pVTZ basis sets were selected

for C and H, where f-type and d-type functions were

omitted from the heavy atoms and hydrogen, respec-

tively, to reduce computational costs (BS-III).

In all calculations, the solvation energy in water

was evaluated according to the PCM method. For the

determination of the cavity size in the PCM calcula-

tions, the UFF parameters and the united atom

topological model optimized at the HF/6-

31G(d) level of theory were used for geometry

optimization and energy evaluation, respectively.
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