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Abstract

The most widely used method for qualitative and quantitative analysis of carbonyl compounds is the 2,4-dinitro-
phenylhydrazine method through the formation of 2,4-dinitrophenylhydrazone derivatives. However, this method may cause
an analytical error because 2,4-dinitrophenylhydrazones have Bothnd Z-stereoisomers. Purified aldehyde-2,4-di-
nitrophenylhydrazone demonstrated only Eésomer. However under UV irradiation and the addition of acid, i6tland
Z-isomers were seen. The spectral patternsZza§omers were different from those d&-isomers and the absorption
maximum wavelengths were shifted towards shorter wavelengths by 5-8 nm. An equilibtiirsomer ratio was observed
in 0.02-0.2% (v/v) phosphoric acid solutions. In the case of acetaldehyde- and propanal-2,4-dinitrophenylhydrazones, the
equilibrium Z/E isomer ratios were 0.32 and 0.14, respectively. However, when irradiated with ultraviolet light at 364 nm,
the isomer ratios were increased beyond this constant ratio and reached 0.55 and 0.33, respectively. Zero-order rates for
decreases of aldehyde derivatives were observed under UV irradiation (364 nm), however the decreases of concentration
were not observed in phosphoric acid solutions. The best method for the determination of aldehyde-2,4-dinit-
rophenylhydrazones by HPLC is to add phosphoric acid to both the sample and the standard solution, to form a 0.02—-1%
acid solution.

O 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction [1] and Brady[2]. The carbonyl compounds react
with acidified DNPH in solid or liquid phase as
The specific reaction of carbonyl compounds with follows:

2,4-dinitrophenylhydrazine (DNPH) forming the cor- ON
responding 2,4-dinitrophenylhydrazones is one of the R,
most important qualitative and quantitative methods ‘z—g HZN_H No, —H

in organic analysis. It was first published by Allen Rﬁ
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The main advantage of the DNPH method is the
ability to analyze various aldehydes and ketones
simultaneously in a complex mixture. Sampling can
be performed using acidic solutions of DNPH in

included two LC-10ADvp pumps, an SIL-10ADvp
autosampler, an SPD-10Avp ultraviolet absorbance
detector adjusted to 360 nm and an SPD-M10Avp
photo diode array detector. The analytical columns

impingers[3] or with acidic solid sorbents using a
DNPH-coated cartridge. A number of cartridge de-
vices containing solid sorbents coated with DNPH
have recently been provided for sampling aldehydes
in air. The solid sorbents include XAD{24,5], silica

gel [6,7], glass beadd8], octadecylsilane bonded
silica gel[9], Florisil [10], and glass fiber filtergL1].
Recently, DNPH-coated silica gel has been widely
used for active[12] and diffusive [13] sampling
methods. Due to the importance of the method, it has

been introduced as a standard procedure by severa
national standardization bodies. Recent research has

resulted in the identification of chemical interfer-
ences caused by the presence of ozfire-16] or
nitrogen dioxide[17] in air samples.

The formation of isomeric 2,4-dinitrophenyl-
hydrazones from unsymmetrical carbonyl com-
pounds in the liquid phase has since long been
known [18-20]. Behforouz et al[21] and Tayyari et
al. [22] reported that a trace of acid catalyzed the
E—Z isomerization which was detected via melting
point anomalies. However, until recently, this new
evidence seemed irrelevant with regard to possible
analytical problems it would cause in the determi-
nation of airborne aldehydes and ketones. In par-
ticular, there is no information available with respect
to the occurrence and the extent of isomerization
when solid sorbent samplers are used.

Usually, 2,4-dinitrophenylhydrazone derivatives

used were 250 x#r6 mm [.D. stainless steel
tubes packed with Zorbax BonusiRR, farticle

size (Bonus-RP, Agilent, Palo Alto, CA, USA),
Discovery RP-Amjigde @m, garticle size (Amide

C,s, Supelco, Bellefonte, PA, USA), and Discovery

£ 1Bm particle size (G , Supelco). The eluents

were acetonitrile and water. A gradient combination

of acetonitrile—water was employed as follows:
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The flow-rate of the mobile phase was 1.5 ml/
min; the column temperature was 4C and the
injection volume was 20ul. The TFL 40 UV
transilluminator (UVP, San Gabriel, CA, USA) was
set at 364 nm, 25 W4 tubes were used for UV
irradiation. The LC—MS equipment was a Finnigan
AQA (ThermoQuest, San Jose, CA, USA).

2.2. Reagents

The water used in HPLC and sample preparation
was deionized and further purified using a Milli-Q
water system (Millipore, Bedford, MA, USA). Ace-
tonitrile was HPLC grade (Wako, Osaka, Japan).
2,4-DNPH (containing approx. 50% water) and
phosphoric acid (85%, w/v, solution in water) pure

extracted from solid sorbent are separated by meansgrade were obtained from Wako. The standard
of high-performance liquid chromatography (HPLC) reagents of 2,4-dinitrophenylhydrazone derivatives
and detected using UV spectrophotometry at 360 nm of formaldehyde, acetaldehyde, propanal, butanal,
(depending on the absorption maximum of the pentanal, hexanal, heptanal, octanal, nonanal and
hydrazones). In this study, the influence of UV decanal were commercial synthetic products (99%,
irradiation and the addition of acid on isomerization Chem Service, West Chester, PA, USA). Solid-phase
were examined. As a result, the most appropriate extraction tubes packed with 2,4-DNPH coated silica
method for the determination of aldehyde-2,4-di- gel (DNPH-cartridge) were obtained from Supelco
nitrophenylhydrazones by HPLC or gas chromatog- (LPDNPH S10) and contained 1 mg 2,4-DNPH.
raphy (GC) is proposed.

2.3. E to Z isomerization by ultraviolet irradiation
2. Experimentdl Solutions of aldehyde-2,4-dinitrophenylhydrazone
in acetonitrile (1000, 100, and 1@.mol/l) were
prepared by dissolving 100, 10 and @mol of
The HPLC system (Shimadzu, Kyoto, Japan) used acetaldehyde-2,4-dinitrophenylhydrazone or

2.1. Apparatus

pro-



S Uchiyama et al. / J. Chromatogr. A 996 (2003) 95-102

panal2,4-dinitrophenylhydrazone in 100 ml acetoni-
trile. A 20 mm optical path length cylindrical quartz

cell with screw cap (cell volume 35 ml, GL Sciences,
Tokyo, Japan) was filled with this mixture and then
attached to the surface of the UV transilluminator.
The solution was irradiated continuously at 364 nm
and analyzed every 30 min by HPLC. Isomer ratios
were calculated from their peak areas at 362 nm.

2.4. E to Z isomerization with phosphoric acid

A 5-ml volume of 100pmol/l acetaldehyde-2,4-
dinitrophenylhydrazone and propanal-2,4-dinit-
rophenylhydrazone solutions was prepared in 10-ml
volumetric flasks. Aliquots (10—100Qul) of the
phosphoric acid/acetonitrile solutions (0.01-10%, v/
v) were added and immediately diluted to 10 ml with
acetonitrile. After 0.5, 9, 18 and 27 h, the solutions
were examined by HPLC. Isomer ratios were calcu-
lated from their peak areas at 362 nm.

2.5. Air sample analysis

The measurement of aldehydes in air was carried
out in accordance with an established active sam-
pling method[12]. An indoor air sample (144 1) was
drawn through the DNPH-cartridge using a pumping
system (APN-085V-1; Iwaki, Tokyo, Japan) provided
with a mass flow controller (Model SEC-400
MARK3; STEC, Kyoto, Japan) set to 100 ml/min.
The DNPH-cartridges were eluted in reversed direc-
tion by gravity feed with 5 ml of acetonitrile. The
eluate was analyzed by HPLC.

3. Results and discussion
3.1. Optimization of the HPLC method

Analytical conditions forE- and Z-isomers were
examined for the acetaldehyde-2,4-dinitrophenyl-
hydrazone derivative using three different HPLC
columns Fig. 1). Only one peak appeared on the,C
column. On the Bonus RP and Amide  columns

there was one more significant component that eluted

just before the main acetaldehyde-2,4-dinit-
rophenylhydrazone peak. LC—MS analysis of this

peak suggested that the additional component was a
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Fig. 1. Chromatographic profiles of acetaldehyde-2,4-dinit-
rophenylhydrazone on three columns (A;;C , B: Amide,C , C:
Bonus RP).

stereoisomer of the main acetaldehyde-2,4-dinit-
rophenylhydrazone derivative because it gave a
similar mass spectrum.

E-isomer
x
SN CH,
~ /CH
O\N*

|
o

Z-isomer

The HPLC separation dE-tlaad Z-isomers of

acetaldehyde-2,4-dinitrophenylhydrazone was the
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most difficult case, which succeeded by using the o3
Bonus RP and RP-Amide ,¢ columns. Those are | - (2)-isomer
alkylamide reversed-phase type columns based on — (E)-isomer
high-purity silica. The presence of the alkylamide
group gives these columns a different selectivity 0.2
compared to the simple hydrophobic affinity of the
C,s alkyl groups for the G; columni23]. Due to

the presence of both alkyl and alkylamide groups on
the RP-Amide G, column, two retention mecha-
nisms are available—a mechanism based on affinity /
with hydrophobic alkyl groups and a mechanism )
based on interaction between the polar groups of the o J . )
2,4_—d|n|trophenylhydrazone d_erlvat|ves with the 200 250 300 350 400 450 500
amide group. Therefore, amide columns such as wavelength (nm)

Bonus-RP or RP-Amide (g provide unique selec-
tivity and applicability resulting in sufficient res-
olution betweenE- and Z-isomers of the 2,4-di-
nitrophenylhydrazone derivative. In the chromato-
grams produced using amide columns, the 3.3. E to Z isomerization by ultraviolet irradiation
acetaldehyde-2,4-dinitrophenylhydrazone isomers are

absorbance

01 r

Fig. 2. UV spectrum of acetaldehyde-2,4-dinitrophenylhydrazone
derivatives.

completely separated. The isomers of other C3—-C10 HPLC analysis of the purified aldehyde-2,4-di-
straight-chain aldehyde-2,4-dinitrophenylhydrazones nitrophenylhydrazones revealed oBlystmers.
were completely separated using the three columns However under UV irradiationEbaifd Z-iso-
mentioned; besides it was difficult to obtain a mers were sEen.3 shows changes in thé-to-E
chromatogram corresponding to the non-separate ratio for acetaldehyde-2,4-dinitrophenylhydrazone
isomers. and propanal-2,4-dinitrophenylhydrazone following
irradiation at 364 nm. In the case of acetaldehyde-
3.2. UV—visible spectra of isomers 2,4-dinitrophenylhydrazone, th& to E-isomer ratio
at the initial concentration of 100@mol/l increased
UV-visible spectra of E- and Z-isomers of depending on the irradiation time and reached a
acetaldehyde-2,4-dinitrophenylhydrazone derivatives value of 0.35 at 480 min. The isomerization rate for
are presented inFig. 2. The E- and Z-isomers an initial concentration of 10@mol/l was faster
showed different spectral profiles and different ab- than that of 400®@l/l, and theZ- to E-isomer

sorption maxima 4,,,,) of 365 and 360 nm, respec- ratio reached a value of 0.55 presumably corre-
tively. Spectral profiles of other aldehyde-2,4-di-

nitrophenylhydrazones were similar to that of Table1

acetaldehyde-2,4-dinitrophenylhydrazone, and in The wavelengths of maximum absorption Bf and Z-isomers

each case the absorption maximum for fxesomer Derivative @)-isomer E)-isomer
was shifted towards shorter wavelength by 5-8 nm Amax (M) Amay (M)
compared to thé-isomer (se€Table J). (Formaldehyde-DNPH) (356)
The accurate isomer ratio should be obtained from Acetaldehyde-DNPH 360 365
the concentrations d- and Z-isomers. However, it PfOPa”Ia"DNPH 358 366
is impossible to determine the concentrationzbf ~ Butana-DNPH 358 365
. aentanaI—DNPH 358 365
isomer _because there are no st_andard rez_igents O4exanal-DNPH 358 365
only Z-isomers. Therefore, the isomer ratio was Heptanal-DNPH 358 365
defined as the peak area ratio, and calculated from Octanal-DNPH 358 364
the middle value (362 nm) of absorption maxima of Nonanal-DNPH 358 364
Decanal-DNPH 358 364

E- and Z-isomers.
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sponding to a dynamic equilibrium. The isomeriza-
tion rate for the initial concentration of 1@mol/I
was much faster than that of 1QOmol/l solution,
and theZ- to E-isomer ratio reached a value of 0.51
at 60 min. After that the isomer ratio decreased nm) also revealed a zero-order decrease of the
gradually. Propionaldehyde-2,4-dinitrophenylhydra- concentration; the same decrease ra@0613
zone showed a very similar variation compared to pmol/l/min was observed at 1000 and 1aéol/l.
the acetaldehyde derivative with a low ratio of 0.18 Fig. 4 shows the decreases of aldehyde-2,4-dinit-
(1000 pmol/l) or 0.33 (100wmol/l) at 480 min. rophenylhydrazone derivatives dependent on the UV
The strong UV band in the ultraviolet between 350 irradiation at 364 nm. At an initial concentration of
and 390 nm has been attributed to electronic transi- phool/l, the decrease of formaldehyde 2,4-di-
tions involving the excited resonance form of{X8]. nitrophenylhydrazone was non-linear and the con-
2,4-Dinitrophenylhydrazones most likely isomerize centration dropped to @@@l/l after irradiation

rophenylhydrazone derivative showed similar de-
crease rates 0f0.017,—-0.018, and—0.013pmol/
[/min, respectively. Analysis of formaldehyde-2,4-
dinitrophenylhydrazone under UV irradiation (364

according to the following reaction: for 480 min.
O%N* o 0§N+ Y
N € _n N O R
P4 1 1
\N/ \CHz/ /+\NZ9\C/
2
‘0
Ope \TW
5 . o
E-isomer X
o} o R
Sn H,C
R
7
\N/
o%N+
|
o .
Z-isomer

The different isomer ratios observed for acetal-
dehyde- and propanal-2,4-dinitrophenylhydrazone in 3.4. E to Z isomerization with phosphoric acid
Fig. 3 can be related to the steric effect of the alkyl

substituent on the sp2-carbon atom.

Zero-order decreases of the concentrations in
aldehyde derivatives due to degradation were ob-
served under UV irradiation (364 nm), i.e., the rate
of decrease was not dependent on the initial con-
centration level. For the acetaldehyde-2,4-dinit-

rophenylhydrazone derivative, the rates of decrease

at the initial concentration of 1000, 100, and 10
pmol/l were —0.020,—0.019, and—0.013umol/l/
min, respectively. Propionaldehyde-2,4-dinit-

As mentioned befigomers were not detected
in the case of purified aldehyde-2,4-dinitrophenyl-
hydrazones, However, isomerization was observed

not only under UV irradiation but also upon addition

of trace quantities of phosphori€igcifl.shows

the variationZeofto E-isomer ratios of acetal-

dehyde- and propanal-2,4-dinitrophenylhydrazone

derivatives with various phosphoric acid concen-
trations. With a trace of phosphoric acid (0.0001%),
little isomerization was observed whereas the isomer
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Fig. 3. The changes in the isomer ratios with U¥V=(364 nm)
irradiation time.

ratio increased dramatically with 0.005% phosphoric
acid; an equilibrium isomer ratio of approximately
0.32 was determined. The equilibrium isomer ratio
(0.32) was reached at lower concentration of acid
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Fig. 4. The decreases of aldehyde-2,4-dinitrophenylhydrazone
derivatives dependent on the UV irradiation at 364 nm.

when the reaction time was longer. After reaction for
18 h, the same curve profile corresponding to the
equilibrium isomer ratio was observed in a wide
range of phosphoric acid concentrations from 0.001
to 0.01%. Propanal- and other aldehyde-2,4-dinit-
rophenylhydrazone derivatives showed a similar
behavior.

In all reaction systems using phosphoric acid, no
decrease of concentration due to degradation was
detected.

In acidic solution, the protonated aldehyde-2,4-
dinitrophenylhydrazones most likely isomerize ac-
cording to the following reactiofi24]:

O, (o) O. o
SN W SN M
IL /é R IL (|3/A R
+ 1
\T/ ey’ A \TZ chy”
o H
§T+ O\T+ H
o . -
E-isomer ° Y
o o R
NN T Hz?/1
N\N%C\H
. | . A
o\\‘* H
|
&

Z-isomer
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Fig. 5. The changes in the isomer ratios with phosphoric acid.

Presumably, the isomerization involves addition of
nucleophile (phosphate ion or water) to the proton-
atedE- or Z-isomers. From the 0.5 h curves shown
in Fig. 5it appears that the reaction is approximately
half-way at a 0.01% phosphoric acid. The effect of
the alkyl substituent on the rate of isomerization is
marginal.

Fig. 6 shows the chromatograms of the standard
solution of C1-C10 aldehyde-2,4-dinitrophenyl-
hydrazone derivatives (5@mol/l) in 0.1% (v/v)
phosphoric acid and the acid-free solution, and a

representative chromatogram for the measurement of Acetaldehyde-DNPH

indoor air. The air sample was obtained from res-
idential indoor air at living room in Japan. The eluate

from the air sample was an acidic solution because yeyanal-DNPH

the DNPH-cartridge contained phosphoric acid as
essential catalyst for reaction of 2,4-DNPH and
carbonyl compounds. Therefore, bot and Z-

isomers were observed when the eluate from a
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Fig. 6. Chromatograms of C1-C10 aldehyde-2,4-dinit-
rophenylhydrazone derivatives. (A) Standard solution. (B) Stan-
dard solution containing 0.1% of phosphoric acid. (C) Sample
solution from indoor air. *Formaldehyde-DNPH, 2
acetaldehyde-DNPH, -3propanal-DNPH, 4 butanal-DNPH, 5
pentanal-DNPH, & hexanal-DNPH, #heptanal-DNPH, §&
octanal-DNPH, $=nonanal-DNPH, 16 decanal-DNPH.

Table 2

Z/E isomer ratio of various aldehydes 2,4-dinitrophenylhydrazone
derivatives in standard and sample solution with 0.1% (v/v)
phosphoric acid

Derivative ZIE

Sample solution Standard solution

0.32 0.32
Propanal-DNPH 0.14 0.14
Butanal-DNPH Not detected 0.15
Pentanal-DNPH 0.29 0.15

0.25 0.16
Heptanal-DNPH Not detected 0.15
Octanal-DNPH 0.15 0.15
Nonanal-DNPH 0.15 0.15
Decanal-DNPH 0.15 0.16
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DNPH-cartridge was analyzed by HPLC. While only
one peak ofE-isomer appears for the acid-free
standard solution, double peaksHfand E-isomers
are detected using the acid solution. T2 isomer
ratios of all derivatives studied are shownTiable 2.

These isomer ratios were invariant and independent

of concentration. The isomer ratios of the standard
solution were almost equal to the sample solution
except for pentanal-2,4-dinitrophenylhydrazone and
hexanal-2,4-dinitrophenylhydrazone. When compar-
ing the sample solution with standard solution, many

unknown peaks are observed in the sample solution.

Therefore, smallZ-isomer peaks of pentanal-2,4-
dinitrophenylhydrazone and hexanal-2,4-dinitro-
phenylhydrazone may overlap with unknown peaks.

4, Conclusions

Purified C2-C10 straight-chain aldehyde-2,4-di-
nitrophenylhydrazone derivatives contains only the
E-isomer. However, thig€-isomer can partly convert
into the Z-isomer upon UV irradiation or addition of
acid solution. The UV spectral pattern of tie
isomer was different from that of thE-isomer: the
absorption maximum wavelengths were lower for the
Z-isomer by 5 to 8 nm. The isomer ratio of
acetaldehyde-2,4-dinitrophenylhydrazone in 0.02—
1.0% (v/v) phosphoric acid—acetonitrile solution
attained an equilibrium value of 0.32 within 30 min.
However, when an acid free acetonitrile solution of
acetaldehyde-2,4-dinitrophenylhydrazone was ir-
radiated with ultraviolet light of 364 nm for 480 min,
a dynamic equilibrium was established reaching a
value of 0.55.

The quantitative analysis of carbonyl compounds
in air or water using DNPH is usually conducted in

the presence of an acid catalyst. Consequently the

solution of the crude extract prepared for HPLC or
GC analysis contains botB- and Z-isomers. Sum-

ming peak areas of both isomers is only possible
when the isomer ratio is constant, i.e., when equilib-
rium is attained since the absorption maxima of the
E- and Z-isomers occur at different wavelengths. In
conclusion, the best method for the determination of
aldehyde-2,4-dinitrophenylhydrazones by HPLC or

GC is to add phosphoric acid to both the sample and

the standard solution, forming a 0.02-1.0% acid
solution.
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