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A method is presented to characterize diols using negative ion electrospray (ES) mass spectrometry in
combination with collision-induced dissociation tandem mass spectrometry (MS/MS). The analyte diol is
added to a solution containing an ethylene glycol/boric acid [2:1] complex and then subjected to infusion ES.
The following boric acid complexes are formed: (i) a complex with two ethylene glycol molecules, (ii) a
mixed ethylene glycol/analyte complex, and (iii) a complex with two analyte molecules. The first complex
serves as a reference for the assessment of the extent of complex formation with the analyte.

The ES mass spectra of acyclic vicinal diols all feature intense mixed complex signals, indicative of
efficient complex formation. Chemical fine tuning is achieved by MS/MS experiments. Thus, although the
(2R,3R)-(ÿ)-2,3-butanediol andmeso-2,3-butanediol stereo-isomers show the same complexation efficiency,
MS/MS experiments reveal pronounced structure characteristic differences. By contrast, 1,3- and 1,4-diols
are less prone to complex formation as they give only weak signals relative to the reference. For cyclic
vicinal diols only the cis isomer produces an intense mixed complex, whose MS/MS spectrum is
characteristically different from that of the trans form. The above procedure does not permit an
unambiguous differentiation of acyclic polyhydroxy compounds like mannitol and sorbitol. However,
structurally related methyl glycosides show characteristic MS/MS spectra.

Our findings indicate that the above simple procedure may be useful to probe the presence and structure
of diols and other polyols in aqueous solutions. Copyright# 1999 John Wiley & Sons, Ltd.
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Boron has three valence electrons and forms planar,
tricovalent derivatives that are electron deficient. These
derivatives act as Lewis acids by accepting two electrons
from bases to complete the outer shell octet of boron; the
two reactants (the boron derivative and the Lewis base)
form stable coordinate covalent complexes, many of which
are commercially available. For example, boron trifluoride
diethyl etherate [(C2H5)2O

�-BF3
ÿ] is widely used as a

catalyst for esterifications and acylations. Any substance
having free electron pairs can accommodate a proton and so
Lewis bases are identical to Brønsted-Lowry bases. By
contrast, Lewis acids are not necessarily proton donors. A
case in point is boric acid B(OH)3.

1 An aqueous solution of
boric acid is weakly acidic, but not because boric acid
deprotonates by itself; rather it can only generate protons
after hydration has taken effect:

B�OH�3� H2O ÿ! B�OH�4ÿ � H�

In fact, the intermediate complex B(OH)3OH2
2 acts as the

Brønsted acid.
It has long been known that boric acid reacts efficiently

with certain hydroxy compounds in aqueous solution,
leading to a decrease in pH.3 Over 150 years ago, Biot
reported that a solution of boric acid became acidic to litmus
upon the addition of sugar.4,5 In fact, the extent to which the
pH of solutions containing boric acid decreases upon
addition of a polyhydroxy compound has been used as an
indication of the ease of chelate formation. In 1949, Deutsch
and Osoling5 investigated the boric acid–mannitol system.
Mannitol (compound14 in Scheme 1) contains six hydroxyl

groups of which two pairs (C2 and C3, and C4 and C5) are
cis to each other, allowing easy formation of the complex. In
solution mannitol does not have restricted movement so it is
likely that the terminal hydroxyl groups rotate to a position
that allows easy complex formation. This increases the
number of combinations of hydroxyl groups which can
complex with boric acid. Deutsch and Osoling5,6 described
the formation of two types of complexes:

(i) a1:1[1M] complex, also referred to as BÿL complex
(i) a2:1[2M] complex, also referred to as BÿL2 complex

Titration of a boric acid/mannitol solution with sodium
hydroxide showed that the [1M] complex (K = 3� 102)
predominates when there is excess boric acid while the [2M]
complex (K = 5� 104) is the principal species when there is
excess mannitol.
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Althoughpotentiometry providedinitial evidencefor the
existenceof thesecomplexes,conductometry,polarimetry,
electrophoresis, refractometry, nuclearmagnetic resonance
(NMR) spectroscopy1 and circular dichroism7 have also
beenusedfor their characterization. NMR spectroscopyis
onetechniquethathasoftenbeenusedto characterizeborate
esters. Carbon-13 (13C), proton (1H), and boron-11 (11B)
NMR spectroscopy have beenusedeither in conjunction
with eachother, or separately,to analyzethecomplexes.In

particular, association constantsfor many [1M] and [2M]
borate esters, including those of 1,2-ethanediol and 1,2-
propanediol, havebeenobtained.6,7 Further, Chapelleand
Verchereused11B and13C NMR spectroscopyto showthat
sugarsof theribo serieshaveahigher affinity for boricacid
relative to the xylo series.8 In solution, sugars equilibrate
between the a/b-furanose and a/b-pyranoseforms. Xylo
sugarsexist mainly in thepyranoseform which impliesthat
the hydroxyl groupsare in a trans orientation. As a result

Scheme1.
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chelateformation between xylo sugarsandboric acid is less
facile.

Several applicationsbasedon affinity chromatography
havebeenreported wherein(stereo) isomeric polyols have
beenseparated.Oneexampleis theuseof affinity chroma-
tography to separate sugarsby using an anion-exchange
stationary phase.9,10

Mass spectrometry has also been used in studies of
boric acid complexes of polyols and carbohydratesusing
negative ion ES and fast atom bombardment,11 thermo-
spray12 and matrix-assistedlaser desorption13 techniques.
In addition, Bayer et al., in a recent communication14 on
coordination-ionspray-MS (CIS-MS), have reported that
under the conditions selected for CIS-MS, fructose
produces a stable [2M] complex whereas glucose does
not.

In this contribution we haveapplied theconcept of boric
acid complexationto explorestructural analysisof isomeric
polyols usingnegative ion ESin conjunction with collision-
induced dissociation of the complexes.The selected group
of (stereo)isomeric polyhydroxy compoundsis listed in
Scheme 1.

EXPERIME NTAL

Boric acid was obtained from CP Baker while 10B-boric
acid was purchasedfrom Sigma-Aldrich. For all experi-
ments HPLC-grade methanol and distilled de-ionised
water was used. The compoundslisted in Scheme 1,
1,2-ethanediol (ethyleneglycol) (1), 1,2-propanediol (2),
1,3-propanediol (3), 1,2-butanediol(4), 1,3-butanediol (5),
1,4-butanediol (6), meso-2,3-butanediol (7), (2R,3R)-(ÿ)-
2,3-butanediol (8), 1,3-cyclopentanediol [mixture of cis
and trans isomers] (9), cis-1,2-cyclopentanediol (10),
trans-1,2-cyclopentanediol (11), cis-1,2-cyclohexanediol
(12), trans-1,2-cyclohexanediol (13), D-mannitol (14), D-
sorbitol (15), a-methyl-D-glucopyranoside (16) and a-
methyl-D-mannopyranoside (17) were purchased from
Sigma-Aldrich and usedwithout further purification. The
deuterium-labelled 1,2-propanediol isotopologueswere a
gift from Dr A. Mill iet (Ecole Polytechnique, Palaiseau,
France).

Negative ion ES-MS and MS/MS experiments were
performed on a McMaster Quattro LC (Micromass,
England) triple quadrupole instrument. Normal mass
spectra were acquired with the cone set at 30V, the
capillary at 4 kV, the high voltagelens at 0.2kV, and the
multiplier at 700V. Product ion spectrawere obtained
using Argon as the collision gas. Typically, a collision
energy of 22eV was used with a gas cell pressureof
2.5� 10ÿ3 mBar and the multiplier at 800V. The analyte
was infused via a pneumatically assisted Rheodyne 7010

injector equipped with a 20mL injection loop. In all
experiments a CH3OH/H2O (1:1) mobile phase was
delivered at a flow rate of 10mL/min via a Brownlee
pump (Advanced Biosystems, Canada).All spectrawere
acquiredfor 2 min.

RESULTS AND DISCUSSION

Preliminar y experiments

Preliminary experiments indicated that 1,2-diols such as
1,2-ethanediol (ethylene glycol), 1,2-propanediol and
mannitol complexed easily with boric acid. Ethylene
glycol is the simplestdihydroxy compoundthat can form
a complex with boric acid and therefore it was chosen as
an internal standard in comparative experiments. The idea
was that if we mix a particular diol [B] and ethylene
glycol [A] in a ratio of 1:1 and find a [2M] complex of
boric acid and ethylene glycol [AA] , a mixed complex of
boric acid, the diol and ethylene glycol [AB], anda [2M]
complex of boric acid and the diol [BB] in a ratio of
1:2:1, then complex formation of the diol occursat the
same rate as for ethylene glycol. In addition, MS/MS

Scheme2.

Figure 1. Negativeion ES-MS/MSspectraof the (m/z 145) mixed
complexesof (a) 1,2-propanediol,ethyleneglycol andboric acid and
(b) 1,3-propanediol,ethyleneglycol andboric acid.
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experimentson the mixed complex [AB] would allow us
to obtain information as to the configuration of the
hydroxyl groupsof the diol [B]. Unfortunately, we found
that boric acid tends to remain adsorbed in the analyte
delivery system, leading to memory effects and irrepro-
ducible results.However, we also found that boric acid
memory effects do not occur when the infused samples
contain ethyleneglycol in a two-fold excess.Therefore, in
all experiments we used a molar ratio of the diol to
ethylene glycol to boric acid of 1:2:1. Because borate
formation is reversible, a stock solution of boric acid and
ethylene glycol may be prepared andusedin comparative
experiments. The analytewas preparedas follows. From
1% (w/v) solutions of boric acid or its 10B isotopomer in
CH3OH/H2O (1:1), stock solutionswerepreparedcontain-
ing boric acid and ethylene glycol in a 1:2 molar ratio.
To an aliquot of this solution the analytewas addedsuch

that the molar ratio of the resulting analyte/ethylene
glycol/boric acid mixture was 1:2:1. In a typical
experiment 2–10mmolesof analytewere infused.

Dissociation of the [2M] complex of boric acid and
ethyleneglycol, the reference diol

MS/MS experiments on the complex of boric acid and
ethylene glycol at m/z 131 show that this [2M] complex
dissociateslargely by lossof 44Da to form m/z87. It will
be shownbelow that the neutral specieslost corresponds
to C2H4O. The simplest way to envisageC2H4O loss is
multiple simple bond cleavagewithout rearrangementto
generate ion P in Scheme 2, where boron is doubly
bonded to oxygen.In this scenariothe neutral lost would
be ethylene oxide whose heat of formation (DHf) is
ÿ22.6kcal/mol.15 However, we cannot exclude the

Scheme3.
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possibility that a 1,2-H shift takes effect prior to this
dissociation to generate the more stable acetaldehyde
isomer for which DHf is ÿ39.6kcal/mol.15 Such a
hydrogen shift does account for the presence of a
significant peakat m/z59 in the MS/MS spectrum which,
as confirmed by a 10B-labelling experiment, corresponds
to [C2H3O2]

ÿ.
The vicinal diols studied competed efficiently with

ethylene glycol for complex formation with boric acid. In
solutions containing a straight chain vicinal diol as the
analyte, negative ion ES-MSshowed peakscorresponding
to the [2M] complex with ethylene glycol, the mixed
complex andthe[2M] complex with theanalyte, in a1:2:1
intensity ratio.

By contrast,ES-MSof solutionscontaininga 1,3-diol as
the analyteshoweda basepeakcorresponding to the [2M]
ethylene glycol complex. A similar result was obtained
when the 1,3-diol wasreplaced with a 1,4-diol. Therefore,
as the hydroxyl groups move further apart in the diol,
complex formation with boric acid and thus competition
with ethylene glycol becomes more diffi cult. In the
following, ES-MS/MS experimentswere performedon the
mixed complexesusingnaturally occurring boric acid and
10B-boric acid.

Propanediol series

A solution containing a 1:2:1 mole ratio of 1,2-
propanediol to ethylene glycol to boric acid showed an
intensity ratio of 1:2:1 for the [2M] complex with
ethyleneglycol (m/z 131), the mixed complex (m/z 145),
and the [2M] complex with the analyte (m/z 159),
respectively. However, a 1:0.25:0.05 intensity ratio was
observedfor the same ions when 1,2-propanediol was
replaced by 1,3-propanediol, showing that complex
formation for the 1,3-diol is much less efficient (by a
factor of 4.5, comparethe relative association constantof
3 derived from NMR experiments6). The MS/MS spectra
of the mixed complexes of 1,2-propanediol and 1,3-
propanediol are shown in Fig. 1. The intensity differ-
encesthat are observedare reproducible. It is seenthat
the mixed complex with 1,2-propanediol (M1 in Scheme
3) loses C3H6O (methyl-oxirane) more abundantly than
C2H4O (oxirane), while the reverseis true for the mixed
complex with 1,3-propanediol (M2 in Scheme 3). In the
absence of thermochemical data it is difficul t to
rationalize these differences,but a brief discussion in
terms of possible product structures is nevertheless
useful.

Scheme3 gives the product structures for the dissocia-
tions leading to m/z 87 and 101, assumingthat these
reactionsdonot involve hydrogenshifts. Thenumbersrefer
to establishedheats of formation (kcal/mol) from Ref. 15.
There are two ways of looking at thesedata. The more

Figure 2. Negativeion ES-MS/MSspectraof themixedcomplexesof
(a) 1,2-propanediol-2-d1, ethyleneglycol andboric acid and (b) 1,2-
propanediol-1,1-d2, ethyleneglycol andboric acid.

Figure 3. Negativeion ES massspectraof (1:2:1) solutionsof (a)
(2R,3R)-(ÿ)-2,3-butanediol,ethyleneglycol and boric acid and (b)
meso-2,3-butanediol,ethyleneglycol andboric acid.
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intensem/z87 signal in Fig. 1(a) could be attributed to the
formation of a more stableC3H6O neutral for M1 compared
to M2; neutral methyloxiranehasa lower heatof formation
thanoxetane(notethat thering strain energiesof threeand
four memberedringsaresimilar16). Conversely,if thesame
neutral is formedin boththesereactions,thentheincreased
intensity of m/z101 in Fig. 1(b) indicates that the product
ion P2 is more stablethan P1. Localizing the electronon
boron, the stability differencebetween P1 and P2 may be
approximatedby considering the isoelectronic neutralsN1

and N2. Although the heat of formation of N1 has been
accurately measured,15 that for N2 is unknown.However,
both heatsof formation can be estimated from Benson’s
additivity scheme.16 We then find that N2 is more stable
thanN1, by 2.3kcal/mol, andequate this to thedifferencein
theheatof formation of P2 andP1. Thusit is not possible to
say whether formation of m/z 87 in Fig. 1(b) becomes
unfavourablebecauseof alessstableneutral,or thatm/z101
becomesmorefavourablebecauseof amorestable ion. It is
entirely possible that a delicatebalanceexists betweenthe
two.

We also examined the ES-MSandMS/MS mass spectra
of solutions containing 1,2-propanediol-2-d1 and 1,2-
propanediol-1,1-d2 astheanalyte. Both isotopomerscleanly

generated mixed complex ions at m/z 146 and 147,
respectively. Their MS/MS spectraarepresented in Fig. 2.
Notethatfor them/z147species,seeFig.2(b), thespectrum
displays a peakat m/z103,which is two massunits higher
than that observed for the unlabelled counterpart, seeFig.
1(a), whereasm/z 87 remainsunchanged. Theseobserva-
tionsconfirm thattheneutralslost in thesedissociationsare
C2H4O andC3H6O.

Butanediol series

A seriesof butanediols wasalsoinvestigatedby the above
method. Here, too, only the vicinal diols showed ions
corresponding to the [2M] ethyleneglycol complex at m/z
131, [A], the mixed complex at m/z 159, [B], and the
[2M] analytecomplex at m/z 187, [C], with an intensity
ratio of 1:2:1. For 1,3- and 1,4-butanediol, the normal
mass spectrashowedpeakscorresponding to [A], [B] and
[C] in an intensity ratio of 1:0.5:0.25, paralleling
observations made for 1,2- and 1,3-propanediol, vide
supra.

The ES massspectra of solutions containing (2R,3R)-
(ÿ)-2,3- and meso-2,3-butanediol as analytes are pre-
sented in Fig. 3. These spectra are similar but not
identical which becomeseven more manifest when the
MS/MS spectraof the mixed complexes are considered,
seeFig. 4.

The MS/MS spectraare well reproducible and spectra
acquired upon alternately infusing solutions of the
(2R,3R)- and meso-2,3- stereoisomers showedno discern-
able variations in the relative intensity of the MS/MS
peaks. Scheme4 showsthe variousreactionchannelsand
plausible product structures. Again most heatsof forma-
tion valuesare not available. We begin our interpretation
by proposing that the stereochemistryis conserved in both
the ionic and the neutral products. (This is a valid
assumption for the ionic products sincethe reactivecenter
is in the other ring, but for the neutral expelled
stereochemical differentiation may be lost.) Now it
follows from Scheme 4 that for the meso complex both
the formation of m/z 87 and 115 may suffer from steric
hindrance. For the formation of m/z 87 this hindrance
would manifest itself in the neutral but this is not
observed, only m/z 115 suffers from steric hindrance,
compare Figs 4(a) and 4(b). This is entirely reasonable
because,asstatedabove,evenfor the mesocompoundthe
neutral 1,2-dimethyloxirane may well have the more
stable trans configuration (and of course, if the neutral is
2-butanone,no stereoisomers exist at all). Thus, we now
havea probe for stereochemicaldifferentiation.

Finally, the most significant difference between the
MS/MS spectraof meso-2,3- and 1,2-butanediol was that
the mixed complex formed with 1,2-butanediol yielded a
tell-tale peakat m/z57 (C2HO2

ÿ).

Cyclopentanediolsand cyclohexanediols

Next, complex formation with cis-1,2-, trans-1,2- and1,3-
cyclopentanediol (mixture of cis and trans) was investi-
gated. Of these analytes, only cis-1,2-cyclopentanediol
readily formed a [2M] complex with boric acid while the
trans-1,2-cyclopentanediol and the 1,3-cyclopentanediol
formeda [1M] complex.

The MS/MS spectra of the mixed complexes,seeFig. 5,
arecharacteristicallydifferent.Especiallyinteresting is that

Figure 4. Negativeion ES MS/MS of the mixed complex(m/z159)
with (a) (2R,3R)-(ÿ)-2,3-butanediol,ethyleneglycol and boric acid,
and(b) meso-2,3-butanediol,ethyleneglycol andboric acid.
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the spectra of the complexes of cis- and trans-1,2-
cyclopentanediol, seeFigs 5(b) and 5(c), show an ‘all-or-
nothing’ effect in thatm/z87 is absent in the former.Thus,
themixedcomplex with thecis isomerreadily losesC2H4O
(oxirane)whereasthetranscompoundreadilylosesC5H8O.
This is the opposite behaviour of that found for the 2,3-
butanediols. Interestingly, the complex with 1,3-cyclopen-
tanediol does not show a preference for loss of either
oxiraneor C5H8O. Thus,ES-MS/MS allows differentiation
between the cis and trans isomers of 1,2-cyclopentanediol
and1,3-cyclopentanediol.

Similar results wereobtainedfor thecisandtransisomers
of 1,2-cyclohexanediol. MS/MS experimentson the mixed
complexes,seeFig. 6, showed that the cis isomer loses
C2H4O (oxirane) ratherthanC6H10O2 while theconverseis
true for the trans isomer.

Mannitol and sorbitol

Mannitol was one of the first polyhydroxy compounds
shown to decreasethepH of asolution of boric acid.Whena
solution havinga 1:2:1 mole ratio of mannitolto ethylene
glycol to boric acid was analyzed by ES-MS, the ion
correspondingto the [2M] complex between mannitol and

boric acid (m/z371)wasthebasepeakin thespectrum, see
Fig. 7(a).

This result is in keeping with the potentiometric
observations which showed a substantial increase in
conductance of a boric acid solution in the presenceof
mannitol. The fact that the [2M] complex at m/z 371
dominates the ES mass spectrum shows that mannitol
competesvery effectively with ethylene glycol for com-
plexation with boric acid. This may be due in part to
statistical effects,i.e. thenumberof vicinal hydroxyl groups
availablefor complexation.

The stereoisomer sorbitol (15 in Scheme 1) was
similarly analyzed and again the base peak in the ES
massspectrum wasthe [2M] complex with boric acid, see
Fig. 7(b). However,thereis also a substantial signalat m/z
181 for the [M-H]ÿ ion showing that complexation is less
effective in sorbitol than in mannitol. This is not
unexpected considering that mannitol, seeScheme1, has
more vicinal cis hydroxyl groups available for efficient
complexation.

TheMS/MSspectraof the[2M] m/z371ionsin Figs7(a)
and 7(b) were also obtained. The spectraappeared to be
closely similar and thus the MS/MS procedurecannot
differentiate thesestereoisomeric sugar alcohols. This is

Scheme4.

Rapid Commun.MassSpectrom.13, 2406–2415(1999) Copyright# 1999JohnWiley & Sons,Ltd.

2412 STRUCTURES OF DIOLS BY ES-MSOF BORIC ACID COMPLEXES



perhaps not too surprisingconsidering that the hydroxyl
groupsof theseacyclicpolyhydroxy compoundsmayfreely
rotate in solution allowing the vicinal hydroxyl groupsof
the two sugaralcohols to adoptclosely similar configura-
tions for efficient complex formation.

Methyl glycosides

Sugarsin thehemiacetal/hemiketal form undergomutarota-
tion. This implies that they interconvert between their a/b-
furanoseanda/b-pyranoseforms.Methylatingtheanomeric

hydroxyl prevents mutarotation and ensures that the
anomeric hydroxyl group cannot participate in complex
formation. A betterassessmentof theuseof theboric acid/
ethylene glycol procedure for probing the stereochemistry
of sugarsis thenobtained.

The normal mass spectrashowed that a-methylmanno-
pyranoside (17 in Scheme 1) forms the mixed complex
more readily than a-methylglucopyranoside (16 in
Scheme1). The MS/MS spectrum of the ion representing
the mixed complex with the a-methyl-mannopyranoside is
characteristically different from that of the a-methylglu-
copyranoside,compareFigs 8(a) and8(b). Lossof a mass
32 neutral (CH3OH) uniquely characterizes the mixed
complex with a-methylmannopyranoside by the peak at
m/z231, seeFig. 8(a). If the complex formation involves
the hydroxyl groupson C3 andC6 in the glucopyranoside
and those on C2 and C3 in the mannopyranoside, the
MS/MS results can be rationalized by proposing that
CH3OH represents the mass32 neutral lost from C6 in
the mixed complex with the mannopyranoside. This
hydroxyl group is bonded to B in the mixed complex
with a-methyl-glucopyranoside, preventing the loss of
CH3OH.

Figure 5. Negativeion ES-MS/MSspectraof the (m/z 171) mixed
complexesof ethyleneglycol andboric acid with (a) (cis/trans)-1,3-
cyclopentanediol,(b) cis-1,2-cyclopentanedioland (c) trans-1,2-
cyclopentanediol.

Figure 6. Negativeion ES-MS/MSspectraof the (m/z 185) mixed
complexeswith (a) cis-1,2-cyclohexanediol,ethyleneglycol andboric
acidand(b) trans-1,2-cyclohexanediol,ethyleneglycol andboricacid.
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CONCLUSIONS

By adding a measured quantity of a diol of unknown
composition to a methanol/water solution containing a
preformed ethylene glycol/boric acid [2M] complex, the
extent of complex formation betweenboric acid and the
analyte can be assessed. The relative easeof complex
formation is derived from the relative intensity of the
[2M] complex between ethylene glycol and boric acid
and the [2M] complex between the analyte and boric
acid.

For vicinal cis- and trans-cyclic diols it is shown that
simple ES-MSis sufficient to differentiatebetweenthetwo
isomers. MS/MS experiments show that the cis isomer
readily losesC2H4O (oxirane), whereas the trans isomer
characteristically losesthe cyclic diol epoxide.

Stereoisomer differentiation between meso-2,3- and
(2R,3R)-(ÿ)-2,3-butanediolis alsopossible but only using
MS/MS experiments.Steric interactions betweenthe two
methyl groups in the mixed complex with meso-2,3-
butanediol promote a facile loss of the butanediol portion
of the mixed complex. In contrast, with (2R,3R)-(ÿ)-2,3-
butanediol, the ethanediol portion of the complex is more
readily lost.

The aboveprocedure doesnot permit an unambiguous
differentiation of acyclic polyhydroxy compoundslike the
sugaralcohols mannitol andsorbitol.This is likely because
these stereoisomers form structurally closely similar com-
plexes with the boric acid/ethylene glycol mixture as
witnessed by their virtually identical MS/MS spectra.

However, when the structurally relatedsugarshave been
methylated on the anomerichydroxyl group,characteristic
MS/MS spectraarereadily obtained.

Theresultsobtainedsofar warrant a more extensiveand
detailed study of the use of borate complexes for the
analysisof polyols in aqueous solutions.
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