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Abstract Hydrazine reagents are a well-known group of
derivatizing agents for the determination of aldehydes and
ketonesin liquid and gaseous samples. Within this article,
the most important hydrazine reagents are critically sum-
marized, and their major applications in different fields,
including environmental analysis, food chemistry and in-
dustrial analysis are introduced. As 2,4-dinitrophenylhy-
drazine (DNPH) is the basic reagent for severa interna-
tional standard procedures, its properties are discussed in
detail. Particular focusis directed on the chemistry of the
hydrazine reagents, and chemical interferences are con-
sidered. Recent methods for the determination of various
oxidants using hydrazine reagents are presented as well.
Due to limited space, this review does not cover the re-
lated field of carbohydrate analysis, although many chem-
ical aspects are similar.

1 Introduction

The analysis of reactive substances poses specia challenges
for the analytical chemist. An analyte which is prone to
reaction or decomposition during sampling or analysis has
to be determined either by an on-line technique directly in
the sample or, in case that thisis not available, after chem-
ical derivatization under formation of a more stable prod-
uct. As short-chain aldehydes are likely to undergo reac-
tions during the analytical process, alarge number of ded-
icated derivatization techniques has evolved in recent years.
Some of these are selective for formaldehyde, others allow
the simultaneous determination of alarge number of alde-
hydes and ketones in conjunction with a separation method.
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While a brief general overview on further derivatizing
agents for carbonyl compounds is provided in the begin-
ning, the major part of thisreview will focus on hydrazine
reagents in conjunction with chromatographic separations
as the currently most widespread group of methods for
aldehyde and ketone analysis.

The importance of derivatizing agents for the analysis
of aldehydes and ketones becomes apparent when search-
ing in literature for respective analytical developments
and applications. Within the Chemical Abstracts database,
which covers the literature from 1967 until today, more
than 1500 articles are listed which focus on derivatization
techniques for the analysis of carbonyl compounds. The
assignment of these articles to different groups of deriva-
tizing agents is presented in Fig.1. It is obvious that al-
most 50% of all publications are based on the use of 2,4-
dinitrophenylhydrazine (DNPH), while the majority of the
remaining articles can be traced back on derivatizing agents
without hydrazine functionality. Comparably few publica-
tions focus on modern developments in the field of hy-
drazine reagents.
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Fig.1 Survey on the occurrence of different carbonyl reagentsin
literature
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2 Derivatizing agents for carbonyl compounds -
general requirements

A large number of propertiesisimportant when a suitable
derivatizing agent for carbonyl compounds has to be se-
lected for a particular application. These include, but are
not limited to the following:

— A stable product must be formed in the reaction between
reagent and analyte.

— The reaction product must be compatible with the se-
lected separation and detection procedure.

— The velocity of the reaction between reagent and ana-
lyte must be high enough to achieve quantitative reac-
tion (exception: for selected automated analyzers, a
well reproducible reaction may be sufficient).

— For gas phase sampling, the derivatizing agent should
not be too volatile.

— For gas chromatographic analysis, a high volatility of the
derivativesis favorable, and their undecomposed evap-
oration is essential.

3 Reagents for the determination
of carbonyl compounds

3.1 Photometric and fluorimetric methods

Besides hydrazines, a multitude of different groups of de-
rivatizing agents has been established for the analysis of
carbonyl compounds. All of these comprise of a condensa-
tion reaction of the reagent with the analyte under forma-
tion of a colored and/or fluorescent derivative. Therefore,
detection may be performed by photometry or fluorescence
spectroscopy, but without a chromatographic separation.
Thisis particularly valid if a sum parameter shall be ob-
tained, or if the method provides a sufficient selectivity for
formaldehyde. To achieve speciation information, a chro-
matographic separation is required. Frequently used pho-
tometric methods which are selective for formaldehyde, are
those based on chromotropic acid [1-5] and pararosani-
line [6-8]. The respective reactions are summarized in
Scheme 1. Although these methods are well applicable for
the determination of formaldehyde in different matrices
[1-8], their major drawback is the missing possibility to de-
termine different carbonyls simultaneously within one sam-
ple. The N-methyl-benzothiazolon-(2)-hydrazone (MBTH)
method is based on an oxidative coupling of formalde-
hyde and two reagent molecules under formation of anin-
tensively colored product [9-12]. The reaction is depicted
in Scheme 2. Although the method has the potential for the
simultaneous determination of several carbonyls, its se-
lectivity for different aldehydes and ketones differs consid-
erably depending on the analyte structure and experimen-
tal conditions. Another interesting condensation reaction
is the base for the 4-amino-3-hydrazino-5-mercapto-4H-
1,2,4-triazol (Purpald®) method [13-16] (Scheme 3). The
reagent reacts with aldehydes under cyclization and forma-
tion of a mercapto-triazolo-tetrazine. Under alkaline con-
ditions, deprotonation leads to the formation of a strongly
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Scheme 2 Derivatization reaction of MBTH with aldehydes

colored product, which may be read UV /vis spectroscopi-
cally at awavelength of 549 nm [14].

A condensation of two molecules of a 3-diketone, an
aldehyde and ammonia or a primary amine leads to the
formation of a dihydrolutidine derivative (Scheme 4). This
reaction was introduced by Arthur Hantzsch in 1882 for
synthetic purposes [17] and is today named by its inven-
tor. The reaction is frequently used for analytical purposes
[18-20], but is has to be applied under very strict time
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Scheme 4 Condensation reaction of aldehydes with ammonia and
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control due to non-quantitative yields. If acetylacetone is
applied as B-diketone, fluorescent dihydrolutidines are the
reaction products[18]. The use of 5,5-dimethyl-1,3-cyclo-
hexanedione (dimedone) results in tetrahydroacridines
which are excellent fluorophors [20]. The reaction prod-
ucts may be determined by UV/vis spectroscopy and flu-
orescence spectroscopy, with the latter leading to very low
instrumental limits of detection. However, not the signal-
to-noise ratio, but the background signal typically limits
the applicability of the method for the analysis of real
samples [21]. Although simultaneous batch-type analysis
for several analytes cannot be recommended due to very
high selectivity towards formaldehyde, the Hantzsch reac-
tion is very well suitable for continuous on-line analysis of
formaldehyde in liquids and in the gas phase (after strip-
ping into an agueous solution) [22, 23]. Commercia flow-
through analyzers for formaldehyde based on the Hantzsch
method are available for atmospheric chemistry and in-
dustrial applications [24]. Additionally, a technique using
the Hantzsch reaction for post-column derivatization of
formaldehyde was presented [25, 26].

3.2 Hydrazine reagents
3.2.1 General aspects

The most popular group of derivatizing agents for carbonyl
compounds are hydrazine reagents. These react with alde-
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Scheme 5 Derivatization reaction of aldehydes and ketones with
DNPH

hydes and ketones under formation of the respective hy-
drazones as depicted in Scheme 5 for 2,4-dinitrophenyl-
hydrazine (DNPH) as an example of a substituted aromatic
hydrazine:

The hydrazones are typically detected UV/vis or fluo-
rescence spectroscopically after liquid chromatographic
separation. As the chromophoric or fluorophoric properties
of the reagents are very similar compared to those of the
derivatives, the separation step is required to obtain quanti-
tative information on the analyte concentration. Although
column liquid chromatography is by far the most important
separation technique for the hydrazones, there are devel-
opments and applications with ailmost any modern chro-
matographic technique, including gas chromatography, cap-
illary electrophoresis and planar chromatography. Estab-
lished and recent principles and applications of the use of
hydrazine reagents for the determination of carbonyl com-
pounds and other analytes will therefore be criticaly dis-
cussed in the following.

3.2.2 History

Most chemists will remember hydrazine reagents aready
from their basic laboratory classes in organic chemistry,
where selected hydrazine reagents, in particular, 2,4-dini-
trophenylhydrazine (DNPH), have been used as precipita-
tion reagents for carbonyl compounds. An identification
of an aldehyde or ketone is possible using the well defined
melting point of the respective hydrazone [27, 28]. This
technique has been used for several decades, and the mod-
ern devel opments to be discussed within thiswork may be
considered as refinements and improvements of this orig-
inal method. First instrumental approaches were based on
the identification of carbonyls by thin-layer chromatogra-
phy [29]. The retention of the derivatives complemented
the melting point as a second characteristic parameter for
the identification of the analytes. Densitometric evaluation
in planar chromatography [30] and the invention of high-
performance liquid chromatography and gas chromatog-
raphy further expanded the possibilities directing to quan-
titative work. A detailed survey on liquid and gas chro-
matographic applications of hydrazine reagents is pre-
sented below.
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Scheme 6 Different nitroaromatic hydrazine reagents used in en-
vironmental analysis

3.2.3 Reagents based on nitroaromatic hydrazines

3.2.3.1 Structure and spectroscopic properties. Being the
oldest group of hydrazine reagents known in analytical
chemistry, the nitroaromatic hydrazines have been estab-
lished as the most important derivatizing agents for the de-
termination of carbonyl compounds. DNPH [31-36], which
has been aready mentioned above, and 4-nitrophenylhy-
drazine (pNPH) [37] are the traditional representatives of
this class of compounds. Recently, 1-methyl-1-(2,4-dini-
trophenyl)hydrazine (MDNPH) has been invented as al-
ternative reagent with interesting properties[38]. The struc-
tures of the reagents are presented in Scheme 6.

The UV/vis spectroscopic properties of the nitroaro-
matic hydrazines are discussed in [39]. Among these,
DNPH is the most popular derivatizing agent due to its
rapid reaction with the analytes. Besides the excellent
crystallization of the derivatives, nitroaromatic hydrazines
are characterized by other attractive features. Their syn-
thesis is easily achieved by a nucleophilic substitution of
achloro or fluoro substituted nitroaromatic compound us-
ing hydrazine [40] (or methylhydrazine in case of MD-
NPH) [38]. In a rapid reaction, pure nitroaromatic hy-
drazines are obtained in high yields[40]. Calibration stan-
dards of the derivatives are synthesized by reacting the
hydrazine reagent with the carbonyl compound in the pres-
ence of an acidic catalyst, typically sulfuric acid [41]. The
hydrazones precipitate immediately and are recrystallized
from ethanol to yield yellow, orange or red needles [41].
A higher stability of the hydrazones is achieved if excess
acid from the reaction mixture is carefully removed by
washing the precipitate with bicarbonate [41].

3.2.3.2 Sampling techniques. While first authors described
exclusively a reaction between DNPH and the carbonyls
in liquid samples [32], a large number of sampling tech-
niques for air monitoring has been used with the DNPH
method in recent years [42-50]. For liquid phase analysis,
solid phase extraction may serve as a tool for preconcen-
tration of the hydrazones prior to HPLC analysis [43, 51—
53]. For gas phase analysis, impingers filled with solutions
of DNPH in different solvents have found broad applica-
tion [54, 55]. Test tubes based on DNPH-coated solid sor-
bents were also developed [33, 46, 47, 56]. To achieve a
fast and quantitative derivatization reaction, both sampling
techniques require the use of acidic catalysts, for example
hydrochloric [46] or sulfuric acid [57]. As base materials,

different silica gel packings[48, 58], e.g., octadecyl mod-
ified silica[48] and unmodified material [48], were tested
as well as organic polymers [49]. The solid sorbents are
eluted with suitable organic solvents, preferably the HPLC
eluent, to obtain solutions of the hydrazones [47, 48]. These
solutions are injected into the chromatographic system.
As high-efficiency sampling techniques for aerosols or for
particulate containing gases, which alow the use of very
high flow rates of the air sample, denuders of different
geometry were applied [50, 59]. Very convenient work-
place monitoring is possible by the application of passive
sampling devices with DNPH-impregnated filters [60-63].

3.2.3.3 HPLC separation. Today, liquid chromatography
with UV/vis detection is the most widespread analytical
technique used in conjunction with the nitroaromatic hy-
drazines and their derivatives. Besides the separation of
the hydrazones, it has to be considered that a large excess
of the reagent is used for sampling and has to be separated
from the DNPH derivatives. A large variety of different
columns and mobile phases has been used for HPLC analy-
Sis. Separation is easily performed using reversed-phase
C,g columns and binary [42, 51, 64] or ternary [43] elu-
ents, typically comprising water and one or two organic
solvents. Acetonitrile [51, 65], methanol [42, 64] and
tetrahydrofuran [66] as organic solvents provide the de-
sired selectivity. In most cases, a binary gradient of ace-
tonitrile and water is used [51, 67], and tetrahydrofuran
may be added for the analysis of very complex samples
[68]. Non-porous silica [65] instead of porous material
[51, 67] as stationary phase provides significantly reduced
separation times. It is not possible to generally point out
favorable separation conditions, as this strongly depends
on the analytical task. For a particular application, the ap-
plicant will have to investigate carefully if both stationary
and mobile phase meet the specific separation require-
ments. Due to the limited peak capacity in HPLC, it is
only possible to separate all peaks of monocarbonyls up to
an akyl chainlength of three carbon atoms [57]. For the
C, aldehydes and ketones, up to ten compounds with sim-
ilar elution properties might already be expected in a sam-
ple [57]. It will not be possible to fully resolve al these
peaksin HPLC. The occurrence of coeluting peaks of iso-
meric carbonyls should therefore always be considered.

3.2.3.4 Detection in HPLC. Detection of the DNPH de-
rivatives in HPLC is traditionally performed by UV/vis
spectroscopy [43, 69—71] at awavelength around 360 nm.
However, due to significant spectral differences between
different groups of analytes [39, 57], the use of a dual
wavelength detector [57] or adiode array detector [72] may
provide valuable additional information. While the form-
aldehyde DNPhydrazone is characterized by an absorp-
tion maximum around 349 nm, other aliphatic hydrazones
exhibit absorption maxima around 360 nm. In contrast, a
further red shift to approximately 370 nm and 380 nm is
observed for the hydrazones of unsaturated and aromatic
aldehydes, respectively [39, 57]. Therefore, dual wave-
length detection at 360 nm and 300 nm allows the deci-



sion, whether an unknown peak in a chromatogram may
be associated with one of these groups of aldehydes [57].
The peak arearatio at these two wavelengths may be de-
termined precisely and, for routine analysis, automatically
by almost any modern HPLC software. The peak areara-
tio isvery characteristic for the different groups of the hy-
drazones [57]. Coelutions of two peaks, which belong to
different groups of hydrazones, may easily be identified
using this technique. Only few hydrazones exhibit untyp-
ical UV/vis spectroscopic properties: Due to the enlarge-
ment of the conjugated system, the DNPhydrazones of gly-
oxal, methylglyoxal and related a,3-dicarbonyls are char-
acterized by absorption maxima at around 430 nm [73].

An aternative detection of the hydrazones may be used
by adding a strongly alkaline solution. The a-hydrogen
atom at the hydrazine group is abstracted, and the anion
formed is characterized by strong absorbance at 480 nm
[74]. However, due to instability of the anions, this detec-
tion approach is only suitable for flow injection analysis
[75] and it might be used for post-column derivatization.

Mass spectrometry has also been used for the identifi-
cation and quantification of the hydrazones [66, 73]. While
the first publication [76] was based on the moving belt
interface, modern approaches use atmospheric pressure
chemical ionization (APCI) in the negative mode [ 77-79].
A deprotonation at the a-hydrogen atom is observed un-
der comparably little fragmentation [77]. The selected ion
monitoring (SIM) technique based on the [M-H]- ion al-
lows identification and quantification of the hydrazones.
Although obviously expanding the selectivity of the method,
mass spectrometry has severe limitations as detection tech-
nique. Hydrazones of very related analytes, e.g., butanal
and isobutanal, are characterized only by small differ-
ences even in tandem M S experiments [77]. Compared to
UV/vis detection, the MS detection is characterized by
significantly larger relative standard deviations for exter-
nal calibration [79]. Quantification of the carbonyls in
HPLC/MS was therefore performed by using deuterated
internal standards of the hydrazones [79].

The DNPH method with UV/vis detection has been es-
tablished in combination with different sampling techniques
as standard procedure for the determination of carbonyl
compounds in the liquid and gas phases, mostly for work-
place air as matrix. Other standardized applications include
automobile exhaust monitoring [69] and the analysis of
aldehydes in waters [80]. Several standardization bodies,
like the Environmental Protection Agency (EPA) [70] and
the American Society for Testing and Materials (ASTM)
[69] in the United States, the Health and Safety Executive
(HSE) [81] in the United Kingdom or the Deutsche For-
schungsgemeinschaft (DFG) [82] in Germany have intro-
duced respective official procedures. The results of anin-
terlaboratory comparison for the detection of carbonylsin
simulated workplace air are presented in [83].

3.2.3.5 Interferences. As first HPLC methods based on
nitroaromatic hydrazines were directed mostly towards
workplace monitoring of one single aldehyde, interfer-
ences by other componentsin liquid or gas phase samples
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were not considered until the late 1980's. Due to increas-
ing interest in aldehyde speciation at low concentrations
in atmospheric samples, first investigations regarding po-
tential interferences were carried out at that time. In 1989,
two research groups almost simultaneously published their
results regarding serious interferences with the DNPH
method by ozone [84, 85]. It was found that the reaction
of ozone with DNPH on reagent-coated cartridges resulted
in the formation of several interfering peaks [84], the iden-
tity of which has not been clarified completely until now.
However, due to coelution of some of the product peaks
with the hydrazones, artifacts may occur [86]. In a recent
publication, the identity of some products of the reaction
between DNPH and ozone was confirmed as 2,4-dinitro-
phenol, 2,4-dinitroaniline and m-dinitrochlorobenzene by
the use of HPLC/M S and HPLC/NMR [86]. A useful strat-
egy to avoid chemical interferences by airborne ozone is
the use of scrubber materials, e.g. potassium iodide [50],
mangenese dioxide or copper oxide [87].

The reaction of nitrogen dioxide with DNPH under for-
mation of 2,4-dinitrophenylazide (DNPA) was identified
as potential source of chemical interferencesin 1993 [88].
DNPA exhibits similar chromatographic properties com-
pared to the formal dehyde hydrazone of DNPH. However,
aHPL C separation of these two substances may be achieved
under selected conditions [57], and an identification of the
interference is easily possible by dual wavelength detec-
tion or diode array detection due to the absorption maxi-
mum of DNPA at 300 nm (Fig. 2) [57, 88]. Even a deter-
mination of nitrogen dioxide in air samples [89, 90] or of
nitrite in aqueous samples[91] by using the DNPA peak is
possible, asthe NO* cation is assumed to be the active ox-
idant in both cases.

In contrast, MDNPH reacts with both ozone and nitro-
gen dioxide to N-methyl-2,4-dinitroaniline, which may eas-
ily be separated from the hydrazones of interest [38]. There-
fore, MDNPH might serve as an interesting alternative to
DNPH in case of matrices which contain large amounts of
oxidants [38]. However, the applicability of MDNPH is

DNPH hydrochloride
300 (3.2 min)

1 DNPH
g (4.9 min)

N

DNPA
(7.45 min)

FA/DNCB
(7.66 min)

nN
8

Absorbance [mAU]

8

t[min]

Fig.2 Chromatogram of an automobile exhaust sample from a
diesel-fueled car with dual wavelength detection at A = 360 nm (—)
and A = 300nm (----); DNPA = 2,4-dinitrophenylazide; DNCB =
2,4-dinitrochlorobenzene (reprinted from [57] with permission of
the American Chemical Society)
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limited by its low reactivity with the carbonyl compounds.
Thisis particularly valid for the reaction of MDNPH with
ketones [38].

Although two isomers could be expected for al alde-
hyde DNPhydrazones starting with acetaldehyde, only a
single peak is observed in HPLC [32-34]. However, for
asymmetric ketones, two isomers may be separated [92].
Asthe arearatio of these isomer peaks varies, quantifica-
tion of asymmetric ketones requires the integration of both
peaks to obtain satisfactory results. Up to three peaks,
which could be associated with the E,E-, E,Z- and Z,Z-iso-
mers, should be observed for the dihydrazones of dialde-
hydes. However, in case of glyoxa and glutaraldehyde,
only two peaks are separated [62, 93]. Again, the sum of
both peaks should be evaluated due to varying peak area
ratios. For malonic dialdehyde, not the dihydrazone, but a
pyrazol is formed in areaction of the monohydrazone with
the second carbonyl function of the dialdehyde [94-96].
Acrolein is known to yield the acrolein hydrazone plus one
additional peak in the chromatogram after sampling the
analyte with a DNPH-coated cartridge [46]. Although the
identity of the additional peak is not clarified yet, it was
suggested to add the peak areas of both peaks at the de-
tection wavelength of 360 nm [46]. This leads to a rea-
sonabl e approximation for the acrolein concentration [46],
but this strategy might result in severe artifacts in case of
complex matrices.

3.2.3.6 Selected HPLC applications. Although the major
focus of the DNPH/HPLC method was first directed at
workplace monitoring [49], several other groups of appli-
cations have been added. For gas phase analysis, atmos-
pheric chemistry is one of the driving forces for further de-
velopments of the method [47, 50, 58]. Air sampling with
different sampling technologies in urban [97] and rural
[98] sites has been carried out. Automobile exhaust [67]
and industrial exhaust [59] as well as cigarette smoke [44,
68] have been analyzed by severa groups. In the liquid
phase, drinking water [52, 80, 99], estuary water [100,
101], beer [102] and milk [103] were investigated. Bio-
medical applications include the analysis of steroidal ke-
tones in samples of human origin [104] and the determi-
nation of acetaldehyde in blood [105]. Using the reaction
of DNPH with nitrogen oxides to the respective azide, a
method for the determination of HNO, in the atmosphere
has been developed [106]. Additionally, DNPH has turned
out to be a vauable tool for workplace monitoring of
oximes occurring especially in the polymer industries

[107].

3.2.3.7 Gaschromatography (GC). As dternative separa-
tion technique for nitroaromatic hydrazones, gas chro-
matography has been used in combination with flame ion-
ization detector (FID) [108—112] and electron capture de-
tector (ECD) [113]. In contrast to HPL C separation of the
DNPhydrazones, the occurrence of syn/anti isomers is
characteristic for GC chromatograms. The resulting peak
shapes are caused by isomerization reactions during the
chromatographic process, thus leading to a plateau com-

prising syn and anti isomers of the respective hydrazones.
Due to the low volatility of the hydrazones, high temper-
atures and long analysistimes are required. Therefore, GC
has not been established as a serious alternative to HPLC
until now. Recently, new approaches for the gas chro-
matographic quantification of carbonyls as their DNPH
derivatives, especialy for the lower aliphatic compounds
from C, to Cg, were reported [113]. Programmed temper-
ature vaporization (PTV) with solvent split injection has
turned out to be a valuable GC injection technique for red
sample analysis [113].

3.2.3.8 Micellar electrokinetic chromatography (MEKC)
and capillary electrochromatography (CEC). Only few at-
tempts for the determination of DNPhydrazones using mi-
cellar electrokinetic chromatography (MEKC) [114] or cap-
illary electrochromatography (CEC) [115, 116] have been
made yet. Stack gas samples were examined, and the hy-
drazones of formaldehyde, acetal dehyde and acetone were
separated by means of MEKC [114]. In contrast to HPLC
analysis, where detection limits in the lower ppb range
can be achieved, quantification of carbonyls by means of
DNPH derivatization with subsequent MEK C [114] or CEC
[115] separation isrestricted by high detection limits, which
are due to short optical pathways.

3.2.4 Dansyl hydrazine

1-Dimethylaminonaphthal ene-5-sulfonylhydrazide (Dan-
syl hydrazine, DNSH, Scheme 7) has been developed as a
fluorogenic reagent for the determination of aldehydes and
ketones [117-119]. Its naphthal ene backbone provides the
fluorescent properties, and it can be used for both UV and
fluorescence detection.

Dansyl hydrazine is synthesized from dansyl chloride,
a well-established derivatizing agent for amino acids and
amines, and hydrazine [117]. It has mostly been used for
the ultratrace determination of the carbonylsin air samples
[120, 121]. Chromatographic separation of DNSH and its
carbony! derivatives is performed by means of HPLC on
reversed-phase columns with binary gradients consisting of
methanol and water. Additionally, capillary electrophore-
sisisauseful tool for the quantification of DNSH and the
respective hydrazones [119, 122]. This separation technique
has successfully been applied to the determination of small
carbonyl amounts in raindrops [123, 124]. Microcartridges
packed with DNSH coated particles were used to collect
atmospheric carbonyls, and the entire sample was injected
‘on-line’ onto an HPL C column [125]. However, instabil -

Scheme 7 Structure of dansyl H, NH
hydrazine (DNSH) N
O=é=0
N
HsC” “CHg



ities of the hydrazones due to water interferences have been
reported, as hydrolysis of the hydrazide to the sulfonic acid
is observed [126].

3.2.5 Reagents based on benzooxadiazole structures

Substituted benzooxadiazol es are another important group
of derivatizing agents in analytical chemistry. The benzo-
oxadiazole backbone is substituted in the positions 4 and 7.
An electron-withdrawing functionality, e.g., a nitro group
(leading to nitrobenzooxadiazole = NBD derivatives), a
dimethylaminosulfonyl group (DBD) or an aminosulfonyl
(ABD) group is the substituent in position 4, while areac-
tive group is substituted in position 7. Most applications
of the benzooxadiazole reagents focus on the substitution
of afluoro or chloro functionality in position 7 by an amine
or an amino acid as analyte, thus leading to strongly fluo-
rescent products, which are subject to chromatographic
separation [127, 128]. NBD chloride and NBD fluoride
are very important in this concern, and they are also the
starting point for the synthesis of hydrazino-functionalized
benzooxadiazoles[129]. NBD hydrazine (NBDH) has been
introduced several years ago [129, 130] (Scheme 8).

However, despite the promising fluorescence properties
and low instrumental limits of detection of the reagent, its
application has been limited. Thisis due to three important
factors: First, authors of recent papers have only succeeded
in applying the reagent for the determination of aldehydes
with alkyl chainlengths of three or more carbon atoms
[129]. The most important aldehydes, formaldehyde and
acetaldehyde, have not been determined with this reagent
yet. Second, the separation of the strongly polar and basic
compounds requires the use of base deactivated columns
and/or modifiers in the mobile phasein HPLC [129]. Third,
NBDH shows light sensitivity thus leading to the forma-
tion of degradation products [129].

Based on the experience with MDNPH, the N-methyl-
ated reagent MNBDH has also been synthesized and ap-
plied for the analysis of aldehydes and ketones[131, 132].
Although the fluorescence properties of the derivatives are
only weak, the reagent is characterized by UV/vis spec-
troscopic limits of detection of its derivatives, which are
lower by a factor of two compared to DNPH. The veloc-
ity of the reaction between reagent and aldehyde is com-
parable to that of DNPH, thus being advantageous com-
pared to MDNPH. Asfor al NBD derivatives with amino-
or hydrazino-substituted 4-position, the absorption maxi-
mum is located at approximately 480 nm with high molar

Scheme 8 Hydrazine reagents H_ _NHp
basing on the benzooxadiazole N
backbone N
=\
~. 7
N
R
R= SO;NH; (ABDH)
SO2NMe;, (DBDH)

NO, (NBDH)
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absorptivities [131]. In the reaction with nitrogen dioxide
or ozone, only one product (the strongly fluorescent N-
methyl-4-hydrazino-7-nitrobenzofurazan, MNBDA) is
formed as in case of MDNPH [38], thus limiting the in-
terferences by oxidants [132].

The fluorescence spectroscopic determination of nitrite
traces in waters down to concentrations in the nanomolar
range is aso possible using HPL C with fluorescence detec-
tion or microplate fluorescence spectroscopy without prior
separation [133]. This approach is possible due to the ex-
tremely weak fluorescence of MNBDH and its hydrazones
and the very strong fluorescence of MNBDA [133].

3.2.6 Reagents based on indane backbones

For several decades, 2-diphenylacetyl-1,3-indandione-1-
hydrazone (DAIH) (Scheme 9) has been known as a de-
rivatizing agent for the quantification of carbonyl com-
pounds [134].

Scheme 9 Structure of 2-di- 0 1)
phenylacetyl-1,3-indandione-1-
hydrazone (DAIH)

The reagent can easily be synthesized by the reaction
of excess hydrazine with 2-diphenylacetyl-1,3-indandione
in aqueous methanol [135]. With aldehydes and ketones,
DAIH forms azine derivatives which are characterized by
good fluorescence properties and UV /vis absorption max-
imain awavelength range between 412 nm for its acetone
derivative and 435 nm for the cinnamaldehyde derivative
[136]. Because of its fluorescence properties, DAIH was
early used for the analysis of selected carbonyl compounds
[136]. Thin-layer chromatography has turned out to be a
valuable method for the quantification of carbonylsin bio-
chemistry and pharmaceutical chemistry [136]. Sensitive
detection of formaldehyde and acetaldehyde in gas phase
analysis can be achieved using DAIH-coated silica-gel car-
tridges. After air sampling, the cartridges are eluted with
appropriate organic solvents and the formed hydrazones are
separated by means of HPLC and detected by fluores-
cence spectroscopy [137, 138]. Other research groups have
reported on the determination of carbonyls using impingers
filled with aDAIH solution [139]. A general disadvantage
of the DAIH method is the limited applicability on the
quantification of ketones, as the reaction rates are much
slower than in the case of aldehyde derivatization.

3.2.7 Reagents based on halogenated aromatic
compounds

3.2.7.1 Halogenated aromatic hydrazine reagents. This
group of reagents is very well suitable to be applied in
combination with gas chromatography followed by electron



788

H e H e
cl cl F F
F F
I
TCPH PFPH

Scheme 10 Halogenated phenylhydrazine reagents for GC analy-
sis of aldehydes and ketones

capture detection (ECD) [140, 141] or mass spectrometric
detection (MSD) [140]. Established halogenated aromatic
compounds for the quantification of aldehydes and ketones
include 2,4,6-trichlorophenylhydrazine (TCPH) [141, 142]
and pentafluorophenylhydrazine (PFPH) (Scheme 10) [140,
143, 144], which are commercially available.

These reagents are characterized by higher volatility and
extremely low limits of detectionin GC. TCPH has aready
been applied to the analysis of airborne carbonyl com-
pounds using small cartridges packed with octadecy! sil-
icaand impregnated with TCPH [141]. After the sampling
procedure, the cartridges have to be heated to achieve quan-
titative derivatization [141]. Trichlorophenylhydrazine has
also been used for the quantification of carbonyls pro-
duced by the decomposition of hydroperoxides[142]. The

gas chromatographic separation of TCPH and its formal-
dehyde derivative is difficult, and no baseline separation
could be obtained [141]. In addition to the presented ECD,
the FID may also be employed for the detection of the
reagent and its derivatives [141]. Due to very slow reac-
tion ratesin liquid phases, the TCPH method is not useful
for the application in impingers [141].

Pentafluorophenylhydrazine was used in the determi-
nation of several carbonyl compounds which are typically
produced during the decomposition of lipid hydroperox-
ides [140] as well asin the analysis of volatile aldehydes
from human urine [140]. After derivatization with PFPH
followed by solid phase extraction (SPE), GC separation
on narrow-bore capillary columns with either ECD or MS
detection can be performed [140]. Formation of by-prod-
ucts due to non-controlled nucleophilic substitutions might
be expected to occur when using PFPH as a derivatizing
agent for carbonyls.

3.2.7.2 O-Alkylated hydroxylamines. Although not being
a hydrazine, this reagent is strongly related to the halo-
genated aromatic hydrazines. With carbonyl compounds,
hydroxylamines react to stable derivatives which can eas-
ily be separated by means of gas chromatography (GC). For
the quantification of aldehydes and ketones, several O-
alkylhydroxylamines have been introduced: O-methylhy-
droxylamine [145], O-benzylhydroxylamine [146-148],

Tablel Summary of the most important derivatizing agents for aldehyde and ketone determination

Reagents Analytical methodology Advantages Disadvantages Air sampling
techniques?
DNPH HPLC/UV; HPLC/MS international standard pro- interferences with airborne I, C° D, PSD

Hantzsch reagents

(GC/FID; CE; CEC)

UV; fluorescence;

cedure; large variety of
applications available;
stability of reagent and
derivatives

well suitable for on-line

oxidants (NOy, O5); limited
sensitivity

slow and non-quantitative

I, flow-through

HPLC/UV, analysis; fluorescence reaction; limited to aliphatic analyzers
HPL C/fluorescence detection carbonyls
Chromotropic acid UV/vis only readily available in- suitable only for formal- I
Pararosaniline strumentation required dehyde
pNPH HPLC/UV dlightly red-shifted absorp- replaced by DNPH because C
tion maxima of the deriva- of its faster derivatization
tives compared to the reaction
DNPhydrazones
Halogenated aromatic GC/ECD; GC/FID; improved chromatographic slow reaction with carbonyls; C 1
hydrazines and GC/IMS resolution compared to E and Z isomers separated
hydroxylamines HPLC
MBTH / Purpald UV/vis only readily available selective for formaldehyde but
HPLC/UV (MBTH) instrumentation required cross-selectivity to other alde-
hydes
DNSH HPL C/fluorescence low limits of detection instability of DNSH and its C 1
derivatives towards hydrolysis
DBDH / ABDH / HPL C/fluorescence low limits of detection described only for aldehydes only used for
NBDH HPLC/UV with three or more carbon liquid phase
atoms sampling
MNBDH HPLC/UV strongly red-shifted absorp- not commercially available C,1,PSD
HPLC/MS tion maxima of MNBDH
and its derivatives
aC = cartridge, | = impinger, D = denuder, PSD = passive sampling devices

breagent coated cartridges are commercially available



Scheme 11 Structure of O-penta- _NH,
fluorobenzylhydroxylamine (PF- 0
BOA) CHy
F F
F F

O-(p-nitrobenzyl)hydroxylamine [146] and O-pentafluo-
robenzylhydroxylamine (PFBOA) (Scheme 11) [144, 149,
150].

Using PFBOA adsorbed on solid-phase microextraction
(SPME) fibers, gaseous formaldehyde can be determined
in atmospheric samples [150]. The large amount of nitro-
gen in the reagents allows the use of a selective nitrogen-
phosphorus detector instead of the widespread FID. In case
of PFBOA, highest sensitivity can be achieved using an
ECD [144]. Due to the high resolution of gas chromatog-
raphy, even E- and Z-isomers of the formed hydroxylamine
derivatives are separated [151].

4 Overview

In Table 1, an overview of the most important properties
of the discussed derivatizing agents, including the required
analytical methodology, advantages and disadvantages is
provided to enable the analytical chemist to select a suit-
able method for his particular application.
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