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The 31P NMR-spectroscopy-based spin trap technique involving 5-diisopropoxy-phosphoryl-5-methyl-1-
pyrroline-N-oxide (DIPPMPO)was used to achieve quantitative analyses of the radical species that are generated
in different bleaching solutions. These solutions comprised amixture of an ammonium salt and hydrogen perox-
ide. This spin trap-based approach was also applied, with modifications, to the study of bleaching systems of
human hair. The obtained results clearly revealed the subtle differences in both the nature and the amounts of
the radical species generated in different bleaching solutions, and when allowed to react on hair samples.
Generally, the main species involved in the oxidation processes were superoxide and amino radicals. Their
amounts, however, showed a significant variation upon the kind of bleaching system and nature of the hair,
i.e., virgin or dyed hair.

© 2015 Published by Elsevier B.V.
1. Introduction

The identification, detection and quantification of radical species
generated in oxidising processes are challenging tasks due to the ex-
treme reactivity of the species involved. Several analytical techniques
have been developed and employed during the last three decades in
order to identify such species. The most prominent method is still elec-
tron paramagnetic resonance (EPR) or electron spin resonance (ESR)
spectroscopy [1,2]. Beside this approach, several spin trapping reagents
have been developed for achieving highly resolved detection of a broad
variety of radical species in ever refinedmethods [3], most of these spin
trap reagents are on the basis of nitrones [1,4–8]. ‘Spin trapping’ has
been successfully applied to a variety of problems, ranging from envi-
ronmental studies to in vivo-studies [9,10] and improvements including
in-silico studies are developed in order to extend the applicability [11,
12]. More recently, a mass spectrometry-based analysis for the detec-
tion of radicals was established, which relies as well on the conversion
of reactive radicals into stable adducts for analyses [13,14].

It is, however, always difficult to perform radical detection in com-
plex systems in which very different radical species of varying lifetimes
; DIPPMPO, 5-diisopropoxy-
ron paramagnetic resonance;
etetraacetic acid; GC-MS, gas
are to be detected and quantitatively analysed over a range of times and
at different temperatures. EPR spectroscopy cannot be applied easily or
reliably in these cases, and these systems are thus better to be analysed
by a combination of mass-spectrometry-based species characterisation
and NMR-based spin-trapping experiments [15].

A well-studied spin trap system is the 5-diisopropoxy-phosphoryl-
5-methyl-1-pyrroline-N-oxide (DIPPMPO)/31P NMR system; this sys-
tem is well-known for the analysis of oxygen centred radicals [16,17].

The use of phosphorus-containing spin traps allows for the detection
of diamagnetic products by 31PNMRwithout the complexity ofmultiple
signal overlap spectra usually encountered when common nuclei, such
as proton or carbon, are examined. Overall, however, a possible draw-
back of this technique could be the reduced sensitivity of NMR com-
pared to that of EPR. This is partly overcome by the acquisition of
more NMR signals with time [18]. Due to the presence of the phospho-
rous atom in the DIPPMPO spin trap, 31P NMR spectroscopy can be con-
veniently used for both qualitative and quantitative analyses, in the
presence of a suitable internal standard, benefitting from the fact that
different spin trap adducts show different chemical shifts of the 31P
atom, depending on the nature of the adduct forming radicals. The
basic reactions between DIPPMPO and the various oxygen-based radi-
cals, and the evolving species are shown in Scheme 1.

The shifts of the 31P atom of the different species emerging from var-
ious reactions between DIPPMPO and carbon-centred radical species
are well documented in the archival literature [14,17,18]. Much less is
known, however, concerning the products that emerge from radical re-
combination reactions between DIPPMPO and nitrogen-centred
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Scheme 1. General radical combination reaction between DIPPMPO and different radical species, as well as follow-up chemistries of the resulting adducts.
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radicals, that occur in, e.g., commercially available ammonia-based alka-
line bleaching systems. Among these commercially available bleaching
systems, those used in hair colorants are of special interest due to the
immediate contact with human hair and skin, since depending on the
nature of the dominant oxidative radical species, significant undesired
damage of the hair and the skin can occur.

Even though the use of permanent hair colorants containing
ammonia-based alkaline bleaching systems is widespread, it comes
with certain trade-offs that the consumer has to make if she or he is
using these products on a regular basis. One of the main trade-offs is
the undesired fibre damage that is sometimes seen over multiple uses
[19]. This can lead to the consumer experiencing i) poor hair feel; ii)
an increased incidence of split ends; and iii) hair that generally loses
some of its healthy appearance and shine. Hence, developing hair color-
ant systems that allow the consumer to colour on a more regular basis
without compromising the natural hair quality is highly desirable.

Two key oxidative chemical processes take place during the colouring
process that contribute to thefinal colouring effect: thefirst reaction is the
oxidation of the natural melanin−based pigmentation and previously
deposited artificial dyes, causing a general lightening of the underlying
hair colour; the second reaction is the oxidation of the dye precursors to
form the coloured chromophores [20,21]. For both processes the oxidant
is essential, and in themajority of commercially available retail hair color-
ants, the oxidant used is a combination of hydrogen peroxide and an am-
monia alkalizer that adjusts the final pH in the active mixture to 10. The
oxidant is mainly responsible for the damage to the hair fibre and can
lead to the loss of the strength and the healthy appearance of hair.

The key chemical species that is reported in the archival literature
[22,23] as responsible for both the lightening and damaging processes
of keratin fibres is the hydroperoxide anion (HOO−). This species is
present at pH 10 and above, originating from the deprotonation of hy-
drogen peroxide (Eq. (1)). It is, however, alsowell known in the archival
literature [24] that hydrogen peroxide at high alkaline pH is likely to
form reactive radical species which would be an alternative source of
fibre damage. Hydrogen peroxide can furthermore readily decompose
in the presence of redox-capable metal ions such as copper and iron
ions to form both hydroxyl (HO•) and hydroperoxide (HOO•) radicals
(Eqs. (2)–(4)). The hydroxyl radical is extremely reactive towards or-
ganic substrates, with typical reaction rates that are diffusion controlled
(k = 109 M−1 s−1) [25] and would be expected to react instantly with
hair polypeptides once it is formed.

H2O2↔ Hþ þ HOO− pKa ¼ 11:6 1

H2O2 þ Cu2þ → Cuþ þ HOO• þ Hþ 2

H2O2 þ Cuþ → Cu2þ þ HO þ HO• 3
HOO• þ Cu2þ → Cuþ þ Hþ þ O2 4

The oxidation of ammonia to amino radicals (NH2
•) via hydroxyl

radicals (HO•) is well known and normally of interest in both water-
cooled nuclear reactors and atmospheric chemistry. Since, however,
ammonia is also used in hair bleaching solutions together with hydro-
gen peroxide, the formation and the fate of NH2

•-radicals may also be
of commercial/cosmetic interest in this sector. For in vivohair bleaching,
of course, ammonia and the nitrogen in the hair proteins – both present
in high concentration – compete for the HO•-radicals. In all cases the
first step involving ammonia is:

OH• þ NH3 → H2O þ NH2
• 5

and the subsequent reaction ofNH2
• with oxygen, amino acids, andmel-

anins are relevant to the balance betweenhair bleaching and damage [7].
Observed reactions using pulse radiolysis include i) the rather

inefficient reactions between the amino radical and amino acids, ii) the
bleaching of melanin models initiated by the amino radical, and iii) the
efficient reaction between the amino radical and oxygen yielding the
amino-peroxyl radical (H2NOO•). Based on these reactions, it was pro-
posed that during the bleaching of dark hair the ammonia radical NH2

•

oxidises the hair eumelanin, while it is only very slowly reacting with
amino acids, and thus only leading to minor damage of hair proteins. In
the absence of ammonia HO•-radicals bleach black hair by oxidising
eumelanin; additionally, however, they react very efficiently with amino
acid residues in the hair proteins, leading to significant hair damage [26].

In order to obtain direct evidence of the radicals emerging during
the bleaching process we applied the aforementioned 31P NMR-
spectroscopy-based spin trap technique involving 5-diisopropoxy-
phosphoryl-5-methyl-1-pyrroline-N-oxide (DIPPMPO) as spin trap re-
agent. We seek to achieve a quantitative analyses of the radical species
that are generated in different bleaching solutions based on amixture of
an ammonium salt and hydrogen peroxide, before we applied this tech-
nique, with suitable modifications, to the study of bleaching systems in
the presence of human hair.

2. Materials and methods

2.1. General information

Chemicals were purchased from Sigma-Aldrich in appropriate analy-
sis grades, andwere usedwithout further purification if not stated other-
wise. The hair samples used in this study were chemically untreated
Caucasian source hair purchased from Hair Importers and Products Inc.
(Glendale, NY USA). Individual tresses (2 g, ~15 cm) were formed by
blending hair from multiple ponytails. Coloured hair was created by
treating these hair tresses with an oxidative commercial colorant (Nice
N Easy 98 Extra Light Blonde). Three hair samples were used in the
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testing. AB69-7 (chemically untreated hair, copper content b 10 ppm),
AC7-531 (colour treated hair, copper content = 95 ppm), and AC7-534
(colour treated hair, copper content = 54 ppm). The coloured hair was
washed in copper-containing water (0.05 ppm) to achieve the desired
copper levels. Copper levels were determined by digesting hair in con-
centrated nitric acid, followed by analysis via Inductively Coupled Plasma
Atomic Spectroscopy (ICP-OES).

2.2. Synthesis of spin-trap reagent 5-diisopropoxy-phosphoryl-5-methyl-1-
pyrroline-N-oxide (DIPPMPO)

DIPPMPO was synthesised as described before in a two step proce-
dure [18].

2.2.1. Diisopropyl-(2-methylpyrrolidin-2-yl) phosphonate
2-Methyl-pyrroline was purified by distillation over 5 Å molecular

sieves at 40 °C under reduced pressure (27 mbar). To 1 equivalent of
2-methylpyrroline (typically 50 mmol) were added 1.1 equivalents of
diisopropylphosphite and a catalytic amount of boron trifluoride diethyl
etherate under anhydrous conditions. The reactionmixturewas allowed
to stir at 20 °C for 3 days. The product-containing mixture was then
poured into a suitable volume of 1 M HCl, and extracted with dichloro-
methane. The aqueous phase was made alkaline by means of saturated
sodium carbonate solution and extracted in chloroform. The organic
phase was dried over sodium sulphate and evaporated under reduced
pressure. Diisopropyl-(2-methylpyrrolidin-2-yl) phosphonate was ob-
tained as an oil and used without further purification.

2.2.2. 5-Diisopropoxy-phosphoryl-5-methyl-1-pyrroline-N-oxide
(DIPPMPO)

An aqueous solution of sodium tungstate dihydrate (1 equivalent)
was mixed with diisopropyl (2-methylpyrrolidin-2-yl) phosphonate
(30 equivalents) at 0 °C. A solution of H2O2 (30% m/m, 90 equivalents)
was added drop wise during 1.5 h. The reaction mixture was kept at
0 °C for 2 days, before the mixture was extracted with chloroform. The
aqueous phase was saturated with brine and extracted again with chlo-
roform. The organic phases were combined and dried over sodium sul-
phate, before the solvent was evaporated under reduced pressure. The
crude product was purified by flash chromatography on silica gel
using dichloromethane/methanol as eluent system.

2.3. NMR sequence & spin trap experiments

2.3.1. Experiments in the absence of hair
NMR spectra were recorded on a Bruker 300 MHz spectrometer op-

erated via the software topspin NMR (version 1.3, patch level 8). The
spectra were recorded using and inverse gated decoupling sequence,
acquiring 4 scans, with a pulse delay of 65 s in order to account for the
T1 of the internal standard that is about 13.5 s; overall experiment
time for the acquisition of the spectra is thus less than 5 min, allowing
kinetic studies without further experimental efforts.
Table 1
Compositions (%) and pH of the bleaching solutions used in this study.

Components Concentrations (% v/v)

NH4OH/H2O2 NH4OH/H2O2/EDTA (NH4)2CO3/H2O2/EDTA

H2O2 (35%) 8.57 8.57 8.57
NH4OH (30%) 5.00 5.00 –

EDTA – 0.10 0.10
(NH4)2CO3 – – 5.00
sodium glycinate – – –

H20a 86.43 86.33 86.33
pHb 10 10 9

a Di-ionised water.
b Adjusted with acetic acid.
When not differently stated data reported herein are average of
three replicate experiments. The relativemaximumexperimental errors
were found to be less than 10% on each measurement.

If not stated otherwise in the full text, spectra were recorded using
DIPPMPO solutions in H2O/D2O = 1/1 at a concentration of
64mmol/mL and in the presence of a known amount of trimethyl phos-
phate as internal standard, typically 10 mmol/mL.

The different reactionmediawere designed andprepared in order to
reach the final concentrations of species that are reported in Table 1 for
the variations of the three different basic hair bleaching model systems
thatwere studied: i) ammoniumhydroxide–hydrogen peroxide; ii) am-
monium carbonate–hydrogen peroxide; and iii) ammonium carbon-
ate–hydrogen peroxide in the presence of glycine sodium salt. As
blank control an aqueous solution at pH 10 (adjusted using 1 M NaOH
solution) was prepared.

2.3.2. Radical trapping in bleaching systems in the absence of hair
Experiments using the solutions that are detailed in Table 1 were

performed in open vials in the dark at an ambient temperature of
20 °C in the presence of spin-trap reagent DIPPMPO and internal stan-
dard trimethyl phosphate at concentrations of 64 mmol/mL and
10 mmol/mL, respectively.

For kinetic studies, reaction samplingswere performed after 1.5min,
7.5 min, 12.5 min, 17.5 min, 22.5 min and 27.5 min, respectively.

Bleaching systems tested in this set-upwere: i) ammonium hydrox-
ide–hydrogen peroxide; ii) ammonium hydroxide–hydrogen peroxide
in the presence of ethylenediaminetetraacetic acid (EDTA) sodium
salt; iii) ammonium carbonate–hydrogen peroxide in the presence of
EDTA; and iv) ammonium carbonate–hydrogen peroxide in the pres-
ence of glycine sodium salt and EDTA.

2.4. Experiments of radical trapping in the presence of hair

Experimentswere carried out in an open vial at 20 °C in the presence of
a suitable amount of bleaching systemandhair to reach a ratio of bleaching
system/hair = 4/1 (m/m) in the presence of spin-trap reagent
DIPPMPO and internal standard trimethyl phosphate at concentrations of
64 mmol/mL and 10 mmol/mL, respectively. After 5 and 25 min, respec-
tively, the hair was physically separated from the solutions before these
were transferred into anNMR tube andanalysedby 31PNMRspectroscopy.

For kinetic studies, reaction times were fixed at 5 min and 25 min.
Bleaching systems tested in this set-upwere: i) ammonium hydrox-

ide–hydrogen peroxide; ii) ammonium carbonate–hydrogen peroxide;
and iii) ammonium carbonate–hydrogen peroxide in the presence of
glycine sodium salt.

3. Results and discussion

The study of radical species involved in bleaching systems is partic-
ularly relevant in order to evaluate both reactivity and selectivity of dif-
ferent processes. From the commercial point of view a relevant interest
(NH4)2CO3/H2O2/EDTA/glycinate (NH4)2CO3/H2O2 (NH4)2CO3/H2O2/glycinate

8.57 8.57 8.57
– – –

0.10 – –

5.00 5.00 5.00
2.05 – 2.05
84.28 86.43 84.38
9 9 9
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is focused on the development of specific bleaching systems for hair
bleaching and laundry. In these cases the detailed knowledge of specific
radical species that are generated, their kinetics and selectivity consti-
tute the fundamental scientific base for the development of more effi-
cient and safe products for the market. In this effort we focused on the
study of hair bleaching systems and evaluated by the aforementioned
31P NMR-based spin trap technique the generated radical species,
their relative amounts, and the reaction kinetics.We used three alkaline
oxidative systems: i) ammonium hydroxide–hydrogen peroxide; ii)
ammonium hydroxide–hydrogen peroxide in the presence of ethylene-
diaminetetraacetic acid (EDTA) sodium salt; iii) ammonium carbonate–
hydrogen peroxide in the presence of EDTA; and iv) ammonium car-
bonate–hydrogen peroxide in the presence of glycine sodium salt and
EDTA. For achieving the desired comparative analyses, we decided to
work on a two-step process: We first investigated the radical species
generally generated in the different systems in order to get a detailed
overview and to determine their abundances. In the second step, the ex-
periments were repeated in the presence of different hair samples. We
ran selected experiments both in the absence of, and in the presence
of EDTA; the latter with the aim of avoiding any effects of trace metal
contaminations coming from the reagents used, and to reveal the effects
of this often-added complex-building preservative often added in cos-
metics on the formation and equilibrium concentration of the expected
radical species. In order not to eliminate the effect of the different cop-
per concentrations in the hair samples, however, all hair-bleaching ex-
periments were conducted without the addition of EDTA, since this
complex builder is not present in commercially available hair bleaching
solutions.
3.1. Radical trapping in H4NOH/H2O2 solution

Before studying the first test system, a blank samplewas analysed as
control. In an aqueous solution at pH 10, only a small amount of
hydroxyl-based spin-adducts could be detected, proofing that only a
negligible background reaction exists.

The H4NOH/H2O2 system was studied first, and assignment of the
peaks in the 31P NMR spectra to the nature of the DIPPMPO-adducts
listed in Table 1 was accomplished for this model system. A representa-
tive spectrum is shown in Fig. 1.
Fig. 1.Representative 31P NMR spectrum of a spin trapping experiment showing themost impor
phoryl-5-methyl-1-pyrroline-N-oxide; IS = internal standard trimethyl phosphate.
As stated above, the shifts of the 31P atom of the different species
emerging from various reactions between DIPPMPO and carbon-
cantered radical species are well documented, but adducts of
DIPPMPO and nitrogen-cantered radicals are not; careful interpretation
of the signals seen in the 31P NMR spectra in light of the known facts
concerning both oxygen and carbon-cantered radicals allowed, howev-
er, an identification of most of the DIPPMPO/nitrogen radical adducts.
The presence of these adducts as signal-causing species are further
proven bymass-spectrometric analyses after gas-chromatographic sep-
aration. The identified fragmentation patterns are given in Table 2 to-
gether with the characteristic chemical shifts that are present in 31P
NMR spectra obtained for this oxidative system H4NOH/H2O2.

Based on this assignment, kinetics and potential equilibrium con-
centrations of the radical species of interest were firstly evaluated at
20 °C over a time span of 30min. The results are reported in Fig. 2A. Gen-
erally, the determinations of hydroxyl radicals and nitrogen containing
species were found more accurate and reproducible than the corre-
sponding determination of superoxide radical species, since the latter
appear only in form of two distinct but broad NMR peaks.

The formation of the radical species that could be detected aswell as
their equilibration occur during the first minutes of the reaction; a
steady state situation is quickly reached, with the exception of the su-
peroxide radical-spin trap adduct, that decreases over time (Fig. 2A).
Noteworthy themost abundant radical species detected was the super-
oxide radical, trapped in the amount of about 85 mmol/L after ca.
1.5 min of treatment, and decreasing to about 55 mmol/L after ca.
30 min. Hydroxyl radicals were present in a much lower amount of
10 mmol/g during the first 10 min and their amount increased up to
30 mmol/g between ca. 20 and 30 min of treatment. The peak at
26.6 ppmwas supposedly related to the formation of DIPPMPO adducts
with nitrogen containing radical species NH2

•. It is well known that hy-
droxyl radicals generateNH2

• upon reactionwith ammoniawith a diffu-
sion controlled kinetic. A previously unassigned peak was also detected
in the reaction mixture at 11.0 ppm; this peak is reminiscent to the for-
mation of a DIPPMPO adduct with a peracetic acid radical that could be
formed by reaction of hydroxyl radical species with the acetic acid
added to the reaction mixture to buffer the pH. This assignment
was confirmed by the fact that in the additional GC-MS-based analysis
a m/z-signal corresponding to this adduct is absent in case the pH was
adjusted by sulphuric acid rather than acetic acid. A resonance signal at
tant species trapped in the systemunder investigation. DIPPMPO=5-diisopropoxy-phos-

Image of Fig. 1


Table 2
DIPPMPO-based adducts of radical species and their characteristic chemical shifts in 31P NMR spectroscopy (for references see main text).

Entry Species Chemical shift
(δ (ppm))

m/z c

1 DIPPMPO/OOC(O)CH3–adducta 11.0 (337, 339); 259; 220; 178; 162; 99; 98; 80; 43; 41
2 DIPPMPO 22.2 262; 221; 179; 162; 123; 100; 99; 98; 82; 81; 80; 65; 55; 43; 41
3 DIPPMPO/OOH–adduct 16.9, 17.1 295; 236; 212; 193; 165; 147; 123;99; 84; 83; 65; 55; 43; 41
4 DIPPMPO/intermediate radical species–adduct 18.0, 18.3 Not assigned
5 DIPPMPO/OH–adduct 25.3 279, 281; 259; 236; 195; 114; 99; 98; 86; 81; 43; 42; 41
6 DIPPMPO/NH2–adduct b 26.6 278, 280; 260; 235; 220; 218; 207; 194; 193; 176; 165; 154; 137; 123; 113; 99; 96; 68; 43; 41
7 DIPPMPO/OOC(O)O−–adducta 28.3 Not detected
8 DIPPMPO/NH2OO–adductb 30.7 310, 312; 262; 219; 203; 185; 139; 123; 82; 43; 41

a Tentative assignment based on literature data.
b Assigned based on literature and GC-MS analysis.
c Major m/z-peaks (intensity N 5%) are listed; numbers in brackets represent M+ peaks that are not directly detectable.

Fig. 2. DIPPMPO radical adducts (concentration inmmol/L) trapped at 20 °C in NH4OH/H2O2 systems: A) NH4OH/H2O2 (64mmol/mL for DIPPMPO) B) NH4OH/H2O2/EDTA (64mmol/mL
for DIPPMPO); and C) NH4OH/H2O2 in 10-fold diluted conditions (6.4 mmol/mL for DIPPMPO).

116 C. Crestini et al. / Microchemical Journal 121 (2015) 112–121

Image of Fig. 2


117C. Crestini et al. / Microchemical Journal 121 (2015) 112–121
30.7 ppm has to be assigned to a DIPPMPO adduct, which has not been
identified before: our attempts to characterise all adducts via additional
GC-MS analysis of the reaction mixtures finally allowed us to assign this
signal to the adduct of DIPPMPO with the H2NOO• radical species that is
known to be formed upon reaction of the amino radical with oxygen.

Addition of metal complexing EDTA to the bleaching solution had an
effect on both formation and stability of the radical species over time
(Fig. 2B), as expected. The superoxide-based species is no longer the
dominant one, but DIPPMPO-NH2

• . This seems to indicate that fully
depressing the Fenton side-reaction in themedium allows the predom-
inance of amino-based radicals over pure superoxide ones. Hydroxy
radical-based spin adducts are no longer present in the reaction mix-
ture. It can be assumed that all radical species formed are readily
trapped by ammonia. In general, generation of radical species drops
over time at a rate faster than that seen in the absence of EDTA.

Although the protocol used so far delivered reliable results, the high
consumption of DIPPMPO – the final concentration of DIPPMPO at the
end of the kinetic studies in this system was 64 mmol/mL – renders the
protocol un-practical for broader screening efforts. We therefore re-run
the initial tests using a ten-fold dilution of the initially used H4NOH/
H2O2 system (Fig. 2C). It is immediately apparent that the superoxide-
derived spin-adduct is the dominant species again, as it was in the undi-
luted system without EDTA under otherwise unchanged conditions. In-
terestingly, the total amount of radical species is found to be four-fold
increased. The DIPPMPO-NH2

• -adduct is still present in amount
comparable to the original experiment. The dilution of the system has,
however, apparently an effect on both the amount on amino-based rad-
icals as well as, more strongly, on the amount of superoxide radical spe-
cies. In connection with the change in the dominant radical species, this
points at a generally higher efficiency of the diluted systembased on a re-
duced number of undesired radical re-combination reactions. In the pres-
ence of EDTA, hydroxyl radicals cannot be detected in any case.

In order to evaluate the influence of temperature on the kinetics of
formation of the radical species, as well as their equilibriums of the
Fig. 3. Radical species (concentration in mmol/L) trapped at different temperatures in the
ducts; B) NH2

•-derived spin adducts.
different radical species, a 10-fold diluted (final concentration in
DIPPMPO = 6.4 mmol/mL) H4NOH/H2O2/EDTA system was studied
over 30 min at different temperatures. Qualitatively, the general trends
with respect to formation and stability of the different radical species do
not differ at different temperatures. Quantitatively, the overall amount
of radical species increases with increasing temperatures based on an
increase in each radical species. The superoxide-derived DIPPMPO-
adduct is the dominant species at all temperatures; above 30 °C the
amount of theNH2

•-derived species increases significantly, but remains
at a maximum of ca. 25% of the concentration of the superoxide radical-
derived adduct. The concentrations of the DIPPMPO-adducts derived
from the HOO•-radical and the NH2

•-radical at different temperatures
are shown in Fig. 3A and 3B, respectively.
3.2. (H4N)2CO3/H2O2/EDTA and (H4N)2CO3/NaC2H4NO2/H2O2/EDTA

The (H4N)2CO3/H2O2 system was studied next, in the presence of
EDTA, and results were compared to those obtained for an analogous
system that additionally contained sodium glycinate. The introduction
of glycine has allowed this system to achieve a bleachingwithout previ-
ously observed negative aspects connected to a loss of tensile strength
[27]. It is proposed that the glycine acts as a scavenger of the carbonate
radical that can be formed in this system, and that is known to cause un-
desired damages to hair fibres. Assignment of the peaks in the 31P NMR
spectra to the nature of the DIPPMPO-adductswas performed according
to the results and experiences gathered with the H4NOH-based system.
Hydroxyl-derived spin-adducts cannot be detected at all in this system.
Fig. 4 shows the concentrations of the DIPPMPO-adducts detected: the
HOO•-radical, the NH2

•-radical, and a low amount of a new radical spe-
cies indicated by a newly emerging peak at 28.3 ppm, that can be
assigned to the DIPPMPO-adduct of a percarbonate-radical.

The superoxide-derived DIPPMPO species were present once more in
at least two-fold abundance compared to any other detectable species.
system NH4OH/H2O2/EDTA in 10-fold diluted conditions: A) HOO•-derived spin ad-

Image of Fig. 3


Fig. 4. Comparative qualitative and quantitative (concentrations in mmol/L) analyses of the radical species present in the (H4N)2CO3/H2O2/EDTA system (A) and the (H4N)2CO3/
NaC2H4NO2/H2O2/EDTA system (B).
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Second-most species was the NH2
•-derived adduct, whereas the putative

percarbonate species is only detectable in small amounts. Overall, the
most abundant species are the sameas before in theH4NOH/H2O2 system,
as well as the general kinetic trends for the built-up of the equilibrium
concentrations. Absolute abundances, however, are significantly differ-
ent; it can be speculated that the presence of the carbonate leads to an ob-
vious increase of overall abundances of the radical species: when sodium
glycinate is added to this system under otherwise unchanged conditions,
general abundances are essentially halved, and the signal caused by the
putative percarbonate adduct is barely detectable, which is in
Fig. 5. Representative 31P NMR spectrum of a spin trapping experiment showing the most imp
phosphoryl-5-methyl-1-pyrroline-N-oxide; IS = internal standard trimethyl phosphate.
accordance with current knowledge concerning the effect of glycinate in
this system [27]. The superoxide-derived DIPPMPO species remains
being the major species in the presence of glycinate. Generally, the
(H4N)2CO3H2O2/EDTA system seems less complex than the H4NOH/
H2O2/EDTA in terms of the number of generated radical species.

3.3. Evaluation of radical species in the presence of samples of natural hair

In order to have a realistic picture of the generation of radical species
in in vivo systems, a different experimental set-up was developed to
ortant species trapped in the (H4N)2CO3/H2O2/EDTA system. DIPPMPO= 5-diisopropoxy-

Image of Fig. 4
Image of Fig. 5
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account for the presence of solids, i.e., the hair, in this system. The exper-
imentswere carried out in an open vial at 20 °C in the presence of a suit-
able amount of hair, spin trap and internal standard. After 30 min the
hair was physically separated from the solution that was analysed by
31P NMR.

This necessary change in set-up and procedure, however, caused an
increased experimental error. Generally speaking the spectra of experi-
ments conducted in the presence of hair were found less resolved and
more complex than the corresponding spectra of the bleaching solu-
tions lacking a natural substrate. Nevertheless, accurate quantification
of the main radical species trapped was possible. Fig. 5 shows a typical
31P NMR spectrum of the DIPPMPO-trapped radical species in the pres-
ence of hair.

The selection of hair bleaching systems studied as discussed above
set the background for the evaluation of the radical species that are
present when natural hair is present in these systems. Although most
of the studies were performed in the presence of EDTA for masking
any metal species present so that we could compare the results of the
different systems more systematically on an essentially metal-free
basis by eliminating any influences of impurities of the reagents applied,
we did not want to purposefully exclude the possibility to see any influ-
ence of metal traces that are present in the hair samples. We used three
distinctively different hair samples, named AB69-7 (virgin hair, copper
content: b10 ppm), AC7-531 (coloured hair, copper content: 95 ppm),
AC7-534 (coloured hair, copper content: 54 ppm). All three hair sam-
ples were treated under identical conditions using the three bleaching
systems i) ammonium hydroxide–hydrogen peroxide; ii) ammonium
carbonate–hydrogen peroxide; and iii) ammonium carbonate–hydro-
gen peroxide in the presence of glycine sodium salt. Fig. 6 shows a typ-
ical spectrum of an experiment conducted in the presence of hair. The
different concentrations of the HOO•-derived, NH2

• -derived and
H2NOO•-derived DIPPMPO-adducts for the different hair samples treat-
ed with the different systems are summarised in Fig. 7.

Again, superoxide-derived and amino-derived radical species are
present in the systems. As can be seen in Fig. 7A, the different copper
concentrations have a clear effect on the abundances of themain radical
species detectable as DIPPMPO spin adducts using the H4NOH/H2O2
Fig. 6. Representative 31P NMR spectrum of a spin trapping experiment in the presence of hair:
diisopropoxy-phosphoryl-5-methyl-1-pyrroline-N-oxide; IS = internal standard trimethyl pho
system: an increase in the metal content leads to an increase of the
superoxide-derived spin adduct, whereas the intensity of the NH2

•-
derived adduct decreases with increasing metal content. This shows
that, in principle, virgin hair undergoes less damage than dyed hair
upon bleaching.

Less clear trends are observed for the concentrations of the twomain
radical spin adducts originating from HOO•- and H2N•-radicals in the
(H4N)2CO3/H2O2 system (Fig. 7B); their amount cannot be directly cor-
related with the different concentrations of copper in the hair samples
(Fig. 7B). It can be stated, however, that the concentration of HOO•-rad-
icals is significantly lower overall in the (H4N)2CO3/H2O2 system for
copper-containing hair samples, but initially very high for essentially
copper-free virgin hair. The concentration level of NH2

•-radicals is in-
variant for hair samples with different copper concentrations; for virgin
hair, however, that is characterised by a very low copper content,
the concentration of NH2

• -radicals is significantly lower. Overall,
higher concentration of NH2

•-radicals are detected compared to the
H4NOH/H2O2 system. Last but not the least, whereas the H4NOH/H2O2

system was essentially stable over the observed time-span, the
(H4N)2CO3/H2O2 system undergoes noticeable changes.

The (H4N)2CO3/NaC2H4NO2/H2O2 system shows a behaviour com-
parable to that observed in the corresponding glycinate-free system:
HOO•- and NH2

•-radical-derived spin adducts are the most abundant
species, but concentrations do again not correlate with the copper con-
tent in the hair samples. The different copper concentrations of the hair
sample do not affect the initial and the equilibrium concentrations of
theNH2

•-radicals in the system beyond the uncertainty of themeasure-
ment. Significant copper contents do affect, however, the formation and
the stability of the superoxide-derived DIPPMPO-adducts, and these
findings for the (H4N)2CO3/H2O2 system do not depend on the presence
of glycinate under the standardised conditionswe tested here. The pres-
ence of glycinate does have a reducing effect on the overall concentra-
tion of radical species in the solutions when the hair contains
significantly amounts of copper (N10 ppm) (Fig. 7B, C). This finding is
in accordance with the orienting experiment on the (H4N)2CO3/
NaC2H4NO2/H2O2 system described above, in which EDTA was used to
exclude metal effects.
AB69-7 (virgin hair, copper content: b10 ppm) treatedwith H4NOH/H2O2. DIPPMPO= 5-
sphate.

Image of Fig. 6


Fig. 7. Radical species detected in the three different ammonium-containing hydrogen peroxide solutions in the presence of different hair samples. A) H4NOH/H2O2 system;
B) (H4N)2CO3/H2O2 system; and C) (H4N)2CO3/NaC2H4NO2/H2O2 system. I) AB69-7 (virgin hair, copper content: b10 ppm); II) AC7-534 (copper content: 54 ppm); and III)
AC7-531 (copper content: 95 ppm).
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The glycinate presence does have a specific effect in case of the virgin
hair sample: the decrease of superoxide radicals goes together with an
increase in the amount of themelanin bleaching amino radicals. This ef-
fect is not evident in the presence of copper containing hair samples.
These findings are generally supporting earlier observations on the ben-
eficial effects of glycine addition with respect to the sanity of the hair fi-
bres during the bleaching process [27].

4. Conclusions

The relative ratios of superoxide to amino radicals in ammonium
hydroxide/hydrogen peroxide alkaline bleaching systems have been
determined by theDIPPMPO/31P-NMR spin trap system. This study con-
firmed the occurrence of these species during such bleaching processes
and allowed for the quantification of their relative abundance as a func-
tion of time and temperature. This facile methodology displays a wide
versatility for use in the analysis of heterogeneous bleaching systemsof-
fering and revealing subtle differences with regard to both the nature
and the amounts of the radical species generated when different
bleaching solutions are used on human hair samples. The main radical
species involved in the process are the superoxide (HOO•) and the
amino radical H2N•Amino radicals are known to react directlywithmel-
anin anddisplay slowkineticswith hair proteins. On the contrary super-
oxide radical species are known to show a low reactivity towards
polypeptides. Their relative amount tunes the efficiency of bleaching
vs hair damage.
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